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Abstract
This study examines variations in representing accessibility and how well these representations
reflect people's preferences for accessibility as observed in their behaviour in long-term
transportation and location-related decisions. Specifically, we estimate household vehicle
ownership models and real estate market price models with different measures of accessibility.
Better performing accessibility measures are better representations of accessibility - at least for
the purposes of explaining the modelled behaviour. We compare gravity-based accessibility, an
aggregate measure of potential; trip-based accessibility, a disaggregate measure of utility; and
activity-based accessibility, a disaggregate measure of utility that also captures the effect of
individuals' activity schedules. We find that (1) disaggregate accessibility perform better in
explaining disaggregate (e.g. household-level) behaviour; (2) although measures of potential can
be useful as performance indicators, people and market behaviour are better explained by
measures of utility; and (3) the current formulation of the activity-based accessibility measure
performs no better than the trip-based measure, likely due to imperfections in its
operationalization in the relevant models, e.g., inadequate in its representation of activity
schedule effects.. We then examine activity-based accessibility in more detail. In particular, we
consider different interpretations by changing its benchmark, i.e. the hypothetical scenario
relative to which benefits are measured. Furthermore, we examine the effects of measuring
accessibility in units of time or money instead of utility. For benchmarks, we find that using a
"no out-of-home activity participation"-scenario appears most appropriate. For rescaling, the
most appropriate unit of measure depends on the explained behaviour. For example, for
explaining the market price of real estate, which itself is measured in dollars, dollar-scaled
accessibility performed best. The overall takeaway from these tests is that a single "best"
measure of accessibility does not necessarily exist; different measures have their own advantages
and limitations vis-d-vis theoretical appeal, data requirements, communicability, etc. What is
imperative is that we understand what each measure actually captures and that this aligns with
the purpose for which we use it. Finally, we examine the limitations of the estimation of the real
estate willingness-to-pay function in SimMobility's bidding model, and propose an alternative
estimation method.
Thesis supervisor: Pericles Christopher Zegras
Title: Associate Professor of Transportation and Urban Planning
4
ACKNOWLEDGEMENTS
First and foremost, I want to express my deepest gratitude to my supervisor, Professor P.
Christopher Zegras, whose continued guidance, support, and trust have been absolutely essential
to my work. Chris, I am truly grateful for your advice, your advocacy of my work, and the
opportunities - in academia and outside - that you have opened the doors to.
I want to thank Professor Joseph Ferreira and Professor Moshe Ben-Akiva for their input and
feedback. Your knowledge and experience have been a tremendous and invaluable resource.
At both MIT and SMART FM, conversations and discussions with my colleagues have been
profoundly insightful and helped shape my thinking. I feel extremely fortunate to be in such an
enriching environment. To my colleagues - thank you!
To my friends, thank you for providing inspiration and relief at all the right times. Finally, to my
family, thank you for the continued and unwavering support - none of this would have been
possible without you!
5
TABLE OF CONTENTS
1 Introduction........................................................................................................................ 11
.1 W hy A ccessibility 9...................................................... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  11
1.2 Thesis Purpose and Structure ................................................................................. 13
2 Background ........................................................................................................................ 14
2.1 A ccessibility ............................................................................................................... 14
2.2 Study Context ............................................................................................................. 23
2.3 Sim M obility................................................................................................................ 24
3 M ethods and M odels ....................................................................................................... 26
3.1 Analysis Fram ew ork................................................................................................ 26
3.2 Vehicle Ow nership Choice M odel .......................................................................... 28
3.3 Real Estate H edonic Price M odel........................................................................... 30
4 Com paring M easures of A ccessibility ........................................................................... 33
4.1 Measures of Accessibility ........................................ 3
4.2 M odel Estim ation ................................................................................................. . 38
4.3 D iscussion................................................................................................................... 42
5 Form ulations of A ctivity-based A ccessibility ............................................................... 44
5.1 Benchm arks................................................................................................................ 44
5.2 Scaling........................................................................................................................ 45
5.3 M odel Estim ation ................................................................................................... 46
5.4 D iscussion................................................................................................................... 49
6 Conclusion ......................................................................................................................... 52
6.1 Key Takeaw ays........................................................................................................... 52
6.2 Future D irection...................................................................................................... 53
6.3 Concluding Rem arks ............................................................................................... 54
Appendix A: Vehicle Ownership Model Estimation results with Various Accessibility
M easures ................................................................................................................................... 55
6
Appendix B: Hedonic Price Model Estimation results with Various Accessibility Measures 62
B ib lio grap h y ............................................................................................................................. 80
7
LIST OF FIGURES
Figure 2-1: Two dimensions by which to classify accessibility measures ............................... 15
Figure 2-2: Conceptual illustration of a time-space prism (TSP) diagram................................ 18
Figure 2-3: Integration between the mid-term and long-term modules in SimMobility ........... 24
Figure 3-1: A nalysis fram ew ork ............................................................................................... 26
Figure 4-1: Comparison of revealed and estimated expected work trips as function of generalized
co st ................................................................................................................................................ 3 5
Figure 4-2: Comparison of revealed and estimated expected shopping trips as function of
gen eralized co st............................................................................................................................. 35
Figure 4-3: Comparison of revealed and estimated expected other trips as function of generalized
co st ................................................................................................................................................ 3 6
Figure 4-4: SimMobility day-to-day simulator logsum nesting structure ................................. 37
8
LIST OF TABLES
Table 2-1: Definitions of accessibility in the literature ............................................................ 14
Table 3-1: Revealed vehicle ownership choice distribution...................................................... 29
Table 3-2: Explanatory variables (not including accessibility) for the vehicle ownership choice
m o d el............................................................................................................................................. 3 0
Table 3-3: Explanatory variables (not including accessibility) in the hedonic price model for
p riv ate un its................................................................................................................................... 3 1
Table 3-4: Explanatory variables (not including accessibility) in the hedonic price model for
H D B un its ..................................................................................................................................... 32
Table 4-1: fl-coefficients for travel time and cost by mode and purpose from the mode-
destination choice models in SimMobility ............................................................................... 34
Table 4-2: Estimated A parameters by trip purpose ................................................................. 34
Table 4-3: Coefficient estimates for accessibility measures in the vehicle ownership models .... 40
Table 4-4: Goodness-of-fit of the vehicle ownership models estimated with different accessibility
m easu res........................................................................................................................................ 4 0
Table 4-5: Coefficient estimates for accessibility measures in the hedonic price models........ 41
Table 4-6: Goodness-of-fit measures for hedonic price models............................................... 41
Table 5-1: Coefficient estimates for accessibility measures in the vehicle ownership models .... 47
Table 5-2: Goodness-of-fit of the vehicle ownership models estimated with different accessibility
m easu res........................................................................................................................................ 4 7
Table 5-3: Coefficient estimates for accessibility measures in the hedonic price models........ 48
Table 5-4: Goodness-of-fit of the hedonic price models estimated with different accessibility
m easu res........................................................................................................................................ 4 8
9
ACRONYMS
AIC Akaike's information criterion
CBD central business district
CDF cumulative distribution function
COE Certificate of Entitlement
EMU expected maximum utility
GEV generalized extreme value
GIS geographic information system
HDB Housing & Development Board
HITS Household Interview Travel Survey
IIA independence of irrelevant alternatives
iid independent and identically distributed
LTA Land Transport Authority
MOP minimum occupancy period
PDF probability distribution function
PPA potential path area
PPS potential path space
TSP time-space prism
TUB transport user's benefit
WTP willingness-to-pay
10
1 INTRODUCTION
1.1 Why Accessibility?
Accessibility is abstruse. Explaining the concept and its importance to laypeople in a concise
manner can be a challenge. Even professionals within the fields of transportation and urban
planning are not always clear - or at least not in agreement - about what it encompasses. When
looking for urban and transportation performance indicators, accessibility is also likely not the
first to naturally come to mind. There are indicators that are more intuitive, e.g. average network
travel speeds; easier to measure, e.g. population density; and perhaps even more meaningful, e.g.
productivity or well-being. The confusion is certainly not helped by having an identically named
concept meaning designfor people with disabilities. So it seems only natural to ask: Why
accessibility?
In short, accessibility is the benefit derived from cities. That is not to say that accessibility is the
only benefit derived from cities, but rather that other benefits, such as higher rates of innovation,
are results of improved accessibility. Indeed, this is not a new idea; although Glaeser did not use
the term 'accessibility' he presented the same notion two decades ago. "All of the benefits of
cities come ultimately from reduced transport costs for goods, people and ideas" (Glaeser,
1998). Glaeser's quote nicely mirrors the accessibility concept in that it emphasizes the
interaction between the transportation system (reduced transport costs) and the activity/land use
systems (goods, people and ideas), as opposed to one or the other in isolation.
When studying the benefits derived from cities, it is natural to start at the economic advantages
they provide, since these are perhaps the most widely discussed and impactful at large. It is an
oft-quoted fact that more than half of the world's population now resides in cities, and that the
2 1st century is the urban century. In an increasingly connected world, cities are the gateways to
the global market and places of opportunity. However, beyond the tropes, it is important to
understand fundamentally how and why cities provide an economic advantage. In his seminal
work, Principles ofEconomics, Marshall examines the colocation of firms, among other topics
(Marshall, 1898). He proposed that firms cluster together for three reasons primarily: (1) to have
better access to upstream and downstream linkages, i.e. suppliers and markets; (2) to access
larger and more specialized labor pools; and (3) to benefit from knowledge sharing between
nearby firms and their employees - so-called knowledge spillovers. All three agglomeration
benefits are intimately tied to the reduced cost of transport to desirable goods, people, and ideas,
i.e. accessibility. More recently, Bettencourt et al. related several urban indicators, to urban
population size (Bettencourt et al., 2007). They show that indicators that require interaction
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between people, e.g. innovation, productivity, and crime, scale superlinearly with the population
size of cities - affirming Marshall's theory. In other words, it is hypothesized that the per capita
value for these interaction-dependent urban indicators increase with population because having
access to more people increases the rate of social interaction (Schlapfer et al, 2014). However,
the latter, the rate of social interactions, can conceivably also be increased by simply improving
accessibility (Carasco & Miller, 2009). In other words, improving accessibility would also yield
an increase in the interaction-dependent indicators but for a fixed population size. Thus, studying
accessibility and understanding how it relates to agglomeration benefits would allow us to
increase cities' economic output through effective transportation and land use planning.
Generally, transportation costs and accessibility are not the primary focus of this strand of
literature, and as such these were captured in their crudest form, namely distance and density.
Perhaps more sophistication in these measures could yield more profound results?
Zooming in on the behaviour of individuals and households, higher levels of accessibility has
been shown to be conducive to sustainable behaviour in both day-to-day travel and long-term
decisions. Specifically, accessibility by non-auto modes positively correlates with an increased
propensity for walking, lower auto ownership rates, and by extension, reduced vehicle-miles
travelled (Kockelman, 1996; Ewing & Cervero, 2010). Furthermore, accessibility is an important
factor in people's location-related choices (Weisbrod et al., 1978). Unsurprisingly, people prefer
to live in areas with good accessibility. Formalizing these preferences as location choice or
willingness-to-pay (WTP) models produces two outcomes of interest. Firstly, the portion of a
household's or firm's WTP for a given location that can be attributed to accessibility is the
dollar-equivalent value of the benefit that the household or firm expects to derive from
accessibility. In the strict economic sense, the sum of accessibility benefits across all households
and firms should be equal to the economic advantage that the city derives from accessibility
discussed previously. Secondly, the aggregate of all location choices, including those of firms, is
the urban structure. For example, a firm searching for new office space would, all else equal,
choose to locate in an existing central business district (CBD) if the agglomeration benefits,
enabled by accessibility, they experience outweigh the disbenefits. Otherwise, they would choose
a location outside the existing CBD, e.g. in a smaller secondary business district. Of course, the
exact evaluation of benefits and disbenefits is different for different firms and sectors.
Households looking for residential locations go through a similar decision-making process, albeit
with less clearly defined residential areas. In either case, accessibility is the fundamental spatial
explanatory variable informing urban structure, such as in the development of monocentric
versus polycentric cities. Accessibility enables urban benefits and attracts new development.
Conversely, lack of or poor accessibility limits urban benefits and inhibits new development.
To summarize - why accessibility? Because accessibility is the benefit derived from cities. Thus,
to maximize that benefit, be it for economic prosperity or sustainability, it is critical that we
understand what accessibility encompasses and how we can improve it.
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1.2 Thesis Purpose and Structure
The overall purpose of this thesis is to study variations in representing accessibility and how well
these representations reflect people's preferences for accessibility as observed in their behaviour
in long-term transportation and location-related decisions. To examine this question, we first
consider, theoretically, the meaning of different accessibility measures, e.g. potential versus
benefit measures and location-based versus schedule-based measures, and what these actually
capture. This provides a foundation for discussing and understanding accessibility. Additionally,
it serves as the basis for our hypotheses in the two empirical tests conducted. These tests
compare the relative performance of different measures of accessibility in relevant models,
namely household vehicle ownership models and real estate market price models. Better
performing accessibility measures, i.e. those with higher explanatory power as expressed by the
confidence in coefficient estimates and the overall goodness-of-fit of the models, are better
representations of accessibility - at least for the purposes of explaining the modelled behaviour.
For the first comparison, we formulate three measures of accessibility: gravity-based
accessibility, an aggregate measure of potential; trip-based accessibility, a disaggregate measure
of utility; and activity-based accessibility, a disaggregate measure of utility that also captures the
effect of individuals' activity schedules. For the second comparison, we examine activity-based
accessibility in more detail. In particular, we consider different interpretations by changing its
benchmark, i.e. the hypothetical scenario that relative benefits are measured from. Furthermore,
we examine the effects of measuring accessibility in units of time or money instead of utility.
This allows us to compare accessibility consistently across different analysis contexts.
In addition to this introduction, the thesis consists of the following chapters:
" Chapter 2 Background: Discussion about accessibility measures with evidence from
existing literature to provide a foundation and context for the thesis.
* Chapter 3 Methods and Models: Description of the analysis framework and the
household vehicle ownership and real estate market price models, which we estimate in
the subsequent chapters.
* Chapter 4 Comparing Measures of Accessibility: Comparison of gravity-based, trip-
based, and activity-based accessibility measures for explaining vehicle ownership and
real estate market behaviour.
" Chapter 5 Formulations of Activity-based Accessibility: Comparison of different
formulation of activity-based accessibility for explaining vehicle ownership and real
estate market behaviour.
" Chapter 6 Conclusion: Summary of the key takeaways from this work and concluding
remarks.
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2 BACKGROUND
2.1 Accessibility
Definitions and Measures
To work with accessibility in a systematic fashion, we must first establish a shared understanding
of what it is, and more specifically, how we can define and operationalize it. Since the 1950's,
numerous definitions of accessibility have been proposed for different purposes by different
authors. Table 2-1 presents a subset of these.
Table 2-1: Definitions of accessibility in the literature
Accessibility is defined as... Source
"the potential of opportunities for interaction"
"the inherent characteristic (or advantage) of a place with
respect to overcoming some form of spatially operating
source offriction (for example, time and/or distance)"
"the benefits provided by a transportation/land-use system"
"the net benefit obtainedfrom making contact with other
activities less the interaction (transport) cost"
"the ease and convenience of access to spatially distributed
opportunities with a choice of travel"
"the ease of an individual to pursue an activity of a desired
type, at a desired location, by a desired mode, and at a
desired time"
"the extent to which land-use and transport systems enable
(groups of) individuals to reach activities or destinations by
means of a (combination of) transport mode(s)"
(Hansen, 1959)
(Ingram, 197 1)
(Ben-Akiva & Lerman, 1979)
(Martinez, 1995)
(US Department of the
Environment, 1996)
(1Bhat et al., 2000)
(Geurs & van Wee, 2004)
The definitions are not presented in order to determine which ones are correct and which ones
are not. Rather they are presented to show the breadth and the commonalities in the way people
have thought about accessibility. The different definitions are largely in agreement that
accessibility relates to the ease / convenience or friction of travel to destinations / activities!
opportunities (for interaction). However, there are differing opinions on whether accessibility is
location-specific or person-specific and whether it is a measure of potential or a direct measure
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of benefit. These differences are reflected in the different ways accessibility has been
operationalized. Accessibility review studies generally establish types or categories of measures
and then discuss and/or assess these in relation to a relevant set of criteria; see for example
Handy & Niemeier (1997) and Geurs & van Wee (2004). In this review, we consider the
following four categories of measuresI:
* Location-based potential measures;
* Schedule-based potential measures;
* Location-based benefit measures; and
" Schedule-based benefit measures.
These categories vary along two dimensions, namely location versus schedule and potential
versus benefit in an attempt to capture the previously discussed differences in the definitions.
Each category represents one of the quadrants in the diagram shown in Figure 2-1. The diagram
purposefully depicts a 2D-space with continuous ranges of possible values on both axes as
opposed to a table with four cells. This is to indicate that accessibility measures are non-binary in
their characteristics. For example, they can be more or less location-based or be potential
measures but with elements of a benefit measure.
Figure 2-1: Two dimensions by which to classify accessibility measures
Schedule
Potential
L
4 i Benefit
Location
' Note on terminology: The terminology used in this section for categories and types of accessibility measures is an
amalgamation of existing literature, which is not always entirely consistent, and the author's judgement. As such,
terminology is internally consistent within this document, but may differ from certain existing works.
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Location-based Potential Measures
Hansen's (1959) definition of accessibility, "the potential of opportunities for interaction " laid
the foundation for location-based potential measures, namely cumulative opportunities and
gravity-based accessibility measures. As the name suggests, these measures capture the potential
for interactions from a given location.
Cumulative Opportunities
The cumulative opportunities measure is perhaps the simplest measure of accessibility. It counts
the number of opportunities or destinations within a boundary defined by travel impedance
(Ingram, 1971; Geurs & van Wee, 2004). Thus the analyst must decide what type(s) of
opportunities are of interest, e.g. jobs, schools, stores, healthcare facilities, and what the
appropriate travel impedance boundary is. Travel impedances are typically measured by
distance, travel times, or generalized travel cost. For example, accessibility could be measured as
the number ofiobs within 30 minutes by transit or the number of grocery stores within 1000
metres. Cumulative opportunities accessibility A for location i, opportunities d E D, travel
impedance boundary cmax, and travel impedance between the chosen location and the
opportunities Cid can be expressed formally as:
D
A = f~i)(2-1)
d
where,
f(cid) =1 if Cid Cmax (2-2)
f otherwise
Oftentimes, information about the opportunities or the travel impedances can only be obtained at
an aggregate zonal level, e.g. see (Peralta Quir6s & Mehndiratta, 2015). In this case, A,
represents the accessibility of the zone i and can be written and follows:
I
A dj -f (cij) (2-3)
similarly,
f(cij) = 1 if CiJ Cmax (2-4)
Jo otherwise
with j E J being the other zones in the system, ci1 the inter-zonal travel impedance, and dj the
number of destinations in zone j. One of the primary criticisms of the cumulative opportunities
accessibility measure is the artificial nature of the boundary. Specifically, the value that each
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opportunity contributes to accessibility within the boundary does not diminish with increasing
impedance, while an opportunity just outside the boundary has a value of 0. Gravity-based
accessibility attempts to address this limitation.
Gravity-based Accessibility
Gravity-based accessibility can also be expressed using equations (2-1) or (2-3) (Geurs & van
Wee, 2014; Btttner et al., 2018). However, rather than the binary impedance function, (2-2) and
(2-4), gravity-based measures introduces a function that decays with increasing travel
impedance. Numerous different formulation for this function have been proposed (Bhat et al.,
2000). Some of the popular ones include (using c to denote Cid or cij depending on the spatial
aggregation):
1
f (cij) = -P (2-5)
f(cij) = e-Acu (2-6)
where the parameters p and A determine the rate of decay and need to be estimated.
Both cumulative opportunities and gravity-based accessibility primarily measure the potential for
interaction, as opposed to the experienced benefit. In particular, this is due to the constant
marginal value of additional identical opportunities for both measures. For example, living in a
neighbourhood with more grocery stores is always better, broadly speaking. However, the
experienced benefit of a second store if there was only one previously is considerably larger than
the opening of an 1 1th store in a neighbourhood that already had 10. That said, the diminishing
value of opportunities with increasing travel impedance of gravity-based accessibility can be
considered a shift towards capturing the experienced benefit.
By default, each measurement of these location-based potential measures only captures
accessibility for a single opportunity type. Thus, if accessibility to different opportunity types is
of interest, these must be measured using separate measurements or the opportunity types must
be merged, e.g. by assigning relative weights to each type. Similarly, location-based potential
measures are also very specific with respect to transport modes. Travel times generally apply to a
single mode during a particular time of the day. Thus, unless distance is used as travel
impedance, distinct measures are necessary to capture accessibility by different modes and at
different times of the day.
The low data barrier of cumulative opportunities and gravity-based accessibility is a crucial
benefit that has led to their widespread use. Both measures require two datasets: the spatial
distribution of opportunities and travel impedances. Ideally, the extent of the travel boundary
Cmax for cumulative opportunities and the rate of decay parameter a or fl should be estimated
based on stated or revealed travel preferences. Alternatively, these can be assumed normatively,
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however this should be done with careful consideration (PAiez et al., 2012). This is more
appropriate and common for cumulative opportunities measures since it is less a measure of
experienced accessibility.
Finally, ease of communication is another advantage of cumulative opportunities. No other
accessibility measure can be explained fully in a single sentence. The introduction of an
impedance function somewhat obscures the interpretation of gravity-based measures and reduces
its transparency - especially to laypeople.
Schedule-based Potential Measures
Schedule-based potential measures incorporate cumulative opportunities approach into a
person's daily activity schedule using a so-called time-space prism (TSP).
Time-space prism accessibility
The TSP, proposed by Hagerstrand (1970), is a method for visualizing a person's potential daily
activity space subject to spatial and temporal constraints, as shown in Figure 2-2.
Figure 2-2: Conceptual illustration of a time-space prism (TSP) diagram
P Ps
PPA
x
- Fixed activities
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t
A distinction is made between activities that are fixed in time and space, i.e. they must be
attended at a particular time and location, and those that are not. The time and location of fixed
activities serve as constraints (shown as a thick vertical line in the TSP in Figure 2-2). Where
activities are not fixed, the prism shows the extent of potential activities in time and space. The
three-dimensional volumes make up the person's potential path space (PPS); translating these
onto the two-dimensional space plane yields a potential path areas (PPA) (Miller, 1991). The
angles of the prism edges reflect the effectiveness of the transportation network in that direction,
i.e. a more horizontal slope allows the person to cover a larger PPS for the same constraints.
Similar to the boundary of the cumulative opportunities measure, the PPA defines the boundary
within which to count opportunities for TSP accessibility. In practice, TSP accessibility measures
can be operationalized using geographic information system (GIS) software (Kwan, 1998) or a
mathematical programming approach (Recker et al., 2001).
The interpretation of what is actually captured by the TSP approach is similar to that of the
cumulative opportunities measure. Specifically, TSP accessibility is also a measure of potential
for interactions and not experienced benefit. However, rather than being bounded by a constant
travel impedance from a given location, it is bounded by the extent of a person's activity space,
or PPA, subject to their fixed activities. Hence, TSP accessibility can capture more complex
travel behaviour, such as trip-chaining and multimodality. Of course, this capability requires
additional data. In addition to the datasets used for the location-based potential measures, TSP
accessibility also needs information about people's activity schedules and a way to determine
which activities should be considered fixed.
Location-based Benefit Measures
Benefit measures are typically rooted in microeconomic theory, where they are defined and
derived as economic surplus. As such, these measures of accessibility generally have strong
theoretical appeal. The two most common location-based benefit measures are the trip-based
expected maximum utility (EMU) proposed by Ben-Akiva and Lerman (1985) and transport
user's benefit (TUB) proposed by Martinez (1995).
Trip-based Accessibility
Trip-based accessibility is a utility-based accessibility measure. Utility-based measures are
derived from discrete choice theory, namely generalized extreme value (GEV) distribution
models of which the logit model is a special case. The consumer surplus of a choice situation is
equal to the EMU of all its choice alternatives. In the context of activity-travel choice situations,
this consumer surplus can be interpreted as accessibility (Ben-Akiva & Lerman, 1985).
Formally, the EMU can be written as shown in equation (2-7) for a choice situation with choice
alternatives j E J:
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EMU = E max (U) = In ev) (2-7)
where U and V are the total utility and systematic utility, respectively, for choice j. EMU is
colloquially known as the logsum due to how it is calculated.
A central feature of EMU is the way it handles the value of additional opportunities. evi is
positive for any V and In x is a monotonically increasing function. Hence, introducing new
alternatives to the choice set J always increases the EMU - even if the new alternative appears
inferior to the existing options. This behaviour is consistent with microeconomic theory, i.e.
having more choice options is always better. Intuitively, this can be illustrated with an example.
The opening of a new restaurant that is similar quality to the existing restaurants in the
neighbourhood still has value if you are tired of the other restaurants or if your taste differs from
the norm, i.e. the preferences captured by systematic utility equation. By extension, the new
restaurant is less valuable to a neighbourhood that already has lots of different establishment
compared to that which only has a few. In other words, the marginal value of additional
opportunities of the same apparent quality is always positive but ever-diminishing. This is in
contrast to potential measures, for which the marginal value of additional opportunities is
independent of the existing opportunities.
Trip-based accessibility can be calculated as the EMU of mode-destination choice situations.
Mode-destination choice models are generally specified and estimated by trip purpose. In other
words, trip-based accessibility quantifies the benefit that a person is expected to experience from
a trip for a given purpose. Experienced benefit is captured by the utility function, which through
its estimated parameters translates the characteristics of the mode, destination, and individual
into a utility value. Trip-based accessibility is a disaggregate measure that can capture effects
specific to certain market segments by their preferences as reflected in the utility functions In
addition to the transportation network and land use information, estimating of people's
preferences requires an additional dataset. Namely, revealed or stated preference data for mode
and destination choices linked to personal attributes. Such information can typically be found in
household travel surveys.
Transport User's Benefit
Martinez (1995) proposes a different method for measuring the benefit. Following
microeconomic theory, trips are only made if the net benefits of trip-making, i.e. the sum of
benefits of interaction at the destination and the disbenefits of travel, are larger than not making
the trip. These benefits can be derived from the balancing factors, g and b, from doubly
constrained entropy models.
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A TUB = ln(ghpti) (2-8)
ln(bpt) (2-9)
Here, ATU is the net benefit derived by the trip-maker (consumer) and A TU is the net benefit
derived by the entity at the destination (producer) with i and j representing trip origin and
destination, respectively. h is the household, p is the trip purpose, t is the time period, while 8
converts the measured benefits to monetary values. The sum of (2-8) and (2-9) is the total benefit
derived from a single trip between i and j. In this form, TUB is a location-based measure
because it captures the benefit from a given location i. However, this can be extended to account
for entire trip patterns, in which case TUB moves into the schedule-based benefit measure
territory (Martinez & Araya, 2000). The primary disadvantage of the TUB measures of
accessibility lies in their limited sensitivity to land use. The balancing factors are a direct
outcome of trip productions and attractions from each zone of analysis. It is not immediately
apparent how these change in relation to changes to different types of land use. Thus, in the short
run case TUB accessibility considers only changes in transport benefits while land use is fixed
(Martinez, 1995).
Schedule-based Benefit Measures
Schedule-based benefit measures capture the benefit derived from the transportation-land use
system accounting for individuals' activity schedules. In other words, accessibility is not
interpreted as the benefit of a location but rather the benefit of the transportation-use system as a
whole from the perspective on an individual.
Activity-based Accessibility
Similar to trip-based accessibility, activity-based accessibility is also derived as the EMU of a
choice situation. However, it reflects the expected benefit of entire activity schedules as opposed
to only a mode or mode-destination choice (Bowman & Ben-Akiva, 1996). It requires that
activity patterns be modelled in a nested structure, such that the top-level schedule choice
encompasses the consumer surplus of every sub-choice, including which activities to participate
in, when to participate in them, where they take place, and which modes to travel by. Equation
(2-7) applies to activity-based accessibility as well since it is also the EMU of a GEV choice
model. However, the systematic utility equations V; themselves comprise the EMUs of lower-
level choices.
Activity-based accessibility shares the advantages derived from the EMU formulation that were
previously discussed in relation to trip-based accessibility. By introducing activity schedules to
the measure it also potentially captures time-of-day effects, including peak period congestion and
time-dependent activity preferences, e.g. some people may prefer exercising in the morning or
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leisure activities in the evening. Furthermore, the EMU of the activity schedule choice accounts
for trip-chaining behaviour and the opportunity cost of travel, i.e. longer travel times leave less
time to conduct activities. Finally, the schedule with activity frequencies implicitly weighs
accessibility to different opportunity types and summarizes them all in a single total expected
benefit measure. Activity-based accessibility is likely the most comprehensive measure of the
expected benefit derived from the transportation-land use system for an individual - at least in
theory. As always, sophistication comes at the price of additional data requirements. Similar to
TSP accessibility, activity-based accessibility requires information about individuals' time use.
However, unlike with TSP accessibility where a single person's activity schedule is sufficient to
determine their accessibility, activity-based accessibility requires detailed activity schedules for a
large enough sample so that general preferences can be estimated.
Discussion
In light of the numerous definitions and measures, it is important to acknowledge: first, that
accessibility is fundamentally a construct and therefore does not have one true interpretation; and
second, that each measure of accessibility has its own advantages and limitations vis-d-vis
representation of preferences, data requirements, communicability, theoretical appeal, etc. For
example in a study of highway toll impacts in Portland, Oregon, Dong et al. (2006) were able to
capture population heterogeneity and determine market segment-specific distributions of
accessibility impacts by using activity-based accessibility. However, sophisticated measures,
such as activity-based accessibility, are very demanding in terms of data, and they may appear
opaque - like a black-box measure - to laypeople (Beria & Grimaldi, 2014). Conversely, the
relative simplicity of aggregate measures, such cumulative opportunities accessibility, lends
itself well for analyses in data-poor environments, e.g. Peralta Quir6s and Mehndiratta (2015),
and for stakeholder engagement, e.g. Stewart and Zegras (2016).
In this section, we have organized accessibility measures by the two dimensions location versus
schedule and potential versus benefit as shown in Figure 2-1. There are of course many other
lenses through which to look at accessibility. For example, Geurs & van Wee (2004) propose
four overall categories of accessibility, namely: infrastructure-based, location-based, person-
based, and utility-based; while both Bhat et al. (2001) and Handy & Niemeier consider
cumulative opportunities and gravity-based accessibility in distinct categories. The labels and
boxes are useful aids to help us understand and interpret the different accessibility measures.
They should not be regarded as prescriptive. In general, increasing the level of sophistication
enables accessibility measures to capture disaggregate benefit instead of aggregate potential and
also account for activity schedules. However, the sophistication generally comes at the trade-off
with more data requirements and measures that are more difficult to interpret and communicate.
Finally, this section did not provide an exhaustive overview of accessibility measures and
concepts. In particular, infrastructure-based measures, e.g. link speeds, and spatial separation
measures, e.g. total travel time to all destinations, were left out due to their lacking sensitivity to
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land use changes. Furthermore, the concept of competition as it relates to accessibility was not
discussed explicitly here. For an overview of the omitted measures and concept, please refer to
Bhat et al. (2000) and Geurs & van Wee (2004).
Applications
Fundamentally, accessibility measures are summary statistics that boil down the efficiency of the
transportation-land use system, or at least important aspects thereof, into a more digestible, albeit
not always more transparent, format. They can be used to measure the outcome of an analysis
that we want to improve, i.e. as a performance indicator of the transportation-land use system.
Accessibility is often used in this way for evaluating hypotheticals, such as policy changes, e.g.
Dong et al. (2006), land use scenarios, e.g. Avner & Lall (2016), or infrastructure projects, e.g.
L6pez et al. (2008). However, accessibility can also be used as an analysis input to examine the
impact of changes in the transportation-land use system on other dependent variable. For
example, the models we estimate in this study use accessibility to explain households' vehicle
ownership choices and the market valuation of real estate. Other authors have found that for
vehicle ownership, improved accessibility by alternative modes is linked with lower vehicle
ownership rates. This finding is consistent - at least in direction - across different contexts and
different measures of accessibility and model structures, including: in the San Francisco Bay
Area, using measures of potential in ordinary least-squares (OLS) regressions (Kockelman,
1996); in Santiago de Chile, using measures of potential in discrete choice models (Zegras,
2010); in Sacramento County using measures of potential in structural equation models (SEM)
(Gao et al., 2008); in the Tel Aviv metropolitan area using measures of utility in discrete choice
models (Shiftan, 2011). Similarly, several studies have demonstrated that accessibility is an
important explanatory factor for the desirability of a property or residential location. Both
measures of potential (Srour et al., 2002; Lee et al., 2010) and measures of utility (Ben-Akiva &
Bowman, 1998; Zondag & Pieters, 2005) have been shown to be positively correlated with the
attractiveness of locations. Together, these studies establish that accessibility plays a role in
people's long-term decisions. However, these studies' differences in contexts and - by extension
- underlying datasets used, do not make it clear which are the "best" measures. Finally as a result
of its dual usefulness as both an input and an output, accessibility often features as an interfacing
variable in simulation models, for example between transportation and land use modules (Nicolai
& Nagel, 2012; Acheampong & Silva, 2015) or for decisions at different time scales (Adnan et
al., 2015).
2.2 Study Context
We conduct our study in the context of Singapore. The primary datasets used to estimate our
models are the 2012 Household Interview Travel Survey (HITS) and real estate transaction
records from between 2001 and 2017. The Singaporean context is unique in many aspects. With
respect to our study, the heavily regulated housing and motorized vehicle markets is of particular
relevance. More than 80% of Singaporeans live in public housing units managed by the Housing
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and Development Board (HDB), Singapore's public housing authority. These units are
subsidized by the government, hence buyers of HDB units must satisfy a set eligibility
conditions vis-a'-vis residency status, household status, income, etc. and the units are usually
associated with minimum occupation periods (MOP). Furthermore, HDB properties cannot be
permanently owned but are instead subject to 99-year leases. Most HDB units are purchased
directly from the HDB upon or prior to construction. However, resale of these units on the open
market is allowed once the MOP requirement has been met. The government also uses a
licensing system for controlling the supply of motorized vehicles. Prior to purchasing a vehicle,
Singaporeans must acquire a Certificate of Entitlement (COE) through an auction held by the
Land Transport Authority (LTA). The number of COEs up for auction depends on the allowed
growth of vehicles and the number of retired COEs in the previous period. Different COE
categories allow the certificate holder to own different vehicle types, e.g. cars, goods vehicles, or
motorcycles. Furthermore, an off-peak car scheme exists, allowing vehicle owners to pay
reduced registration fees and road taxes if they limit their vehicle use to off-peak hours and
weekends.
2.3 SimMobility
SimMobility is an integrated multi-scale simulation platform (Adnan et al., 2015). It simulates
land use, activity, and travel behaviour on three different time scales: short-term, mid-term, and
long-term. The three time scales are simulated in distinct modules but interact by various
feedback mechanisms and share the same underlying database. For this study, we are particularly
interested in the feedback between the mid-term and long-term modules, shown schematically in
Figure 2-3.
Figure 2-3: Integration between the mid-term and long-term modules in SimMobility
Long-term
Land development and location choices
Location of HH/fims Accessibility
and vehicle ownership
Mid-term
Daily activity and mobility patterns
Accessibility is an output of the mid-term module and an input to the long-term module, and as
such serves as part of the feedback loop. Specifically, the daily activity scheduling model in mid-
term, known as Pre-day, consists of several multinomial logit choice models, from which
SimMobility's trip-based and activity-based accessibility measures are generated. These are
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discussed in more detail in Chapter 4.1. The long-term module, which simulates vehicle and
location-related choices, uses accessibility as a predictor for vehicle ownership, the market price
of properties, household's WTP for properties, job choice, etc.
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3 METHODS AND MODELS
3.1 Analysis Framework
Our objective is to determine how well different accessibility measures represent household and
market preferences for accessibility. To that end, we estimate models in which we expect
accessibility to be a key explanatory variable. Accessibility measures with more explanatory
power can be interpreted to be better representations of people's, households', and markets'
preferences for accessibility. Figure 3-1 presents this analysis framework schematically. The
schematic shows an example with two measures of accessibility, A' and A', and a model M. The
model is estimated with each accessibility measure separately, and then the outputs are compared
to evaluate each measure. Explanatory variables other than accessibility are kept the same
regardless of the accessibility measure in an attempt to satisfy the all else equal assumption.
Some accessibility measures will be more correlated with the non-accessibility variables, thus
arguably putting them at a disadvantage vis-a-vis the goodness-of-fit criterion. However, this
simply means that the goodness-of-fit criterion evaluates explanatory power beyond that of the
non-accessibility variables. In other words, accessibility measures that do not contribute
information in addition to that already captured by the other variables in the models are
evaluated poorly by the goodness-of-fit criterion.
Figure 3-1: Analysis framework
Accessibility measures
Model estimation
Comparison
Model M
SA
A' A]
estimated M estimated
with A' with A)
Accessibility coefficient confidence
Model goodness-of-fit
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From the estimated models, we compare the confidence statistics of the accessibility coefficients
and the overall goodness-of-fit of the model. The confidence in the coefficient estimates
indicates how consistently and accurately the accessibility measure reflects a notion of
accessibility as perceived by people in the relevant decisions modeled. This confidence is
expressed by the corresponding t-statistic, which is a standard output of statistical analysis
software. Comparing this t-statistic to a t-distribution, we can determine the statistical
significance level of the estimate. Examining the overall goodness-of-fit of the models reveals
how large an effect this notion of accessibility has in the context of the explained
behaviour/variable, all else equal. Here we consider R 2 for linear regression models and p 2 for
discrete choice models as well as relative model likelihoods calculated using Akaike's
information criterion (AIC). The relatively simple measures, R 2 and p2 , are often criticised for
inadequately capturing goodness-of-fit and prediction error. AIC, proposed by Akaike (1973), is
an estimate of how much information is lost in a model relative to other models estimated on the
same dataset. As such, it is useful for ranking models but cannot capture the absolute quality of a
model. For our purpose of studying the explanatory power of different accessibility measures,
information loss can essentially be interpreted as failure to capture accessibility as it is perceived
in people's decision making processes. For a model with k parameters and log-likelihood L,
equation (3-1) shows the AIC.
AIC = 2k - 2L (3-1)
For a set of estimated models, the model with the lowest AIC value is preferred. The measure is
powerful as a goodness-of-fit measure because it is asymptotically equivalent to cross-validation
(Stone, 1977). In addition to ranking the models, we can determine the relative probability that a
model is the best among the ones estimated. The relative probability that a model m is the best-
fitting model in the set of estimated models is proportional to the term exp(-Am/2), where Am
is the difference between model m's AIC and the AIC of the best-fitting estimated model
(Burnham & Anderson, 2003). For example, if exp(-Am/2) = 0.5 then model m is half as
likely as the model with the minimum AIC to be the model that minimizes information loss. For
ease of interpretability, this can be normalized and expressed as so-called Akaike weights as
shown in (3-2). For estimated models r E R the probability that m is the best-fitting model is
given by win
exp(-Am/2)
X exp(-Ar/2)
This method for comparing goodness-of-fit is not very common for linear and logistic
regressions. Typically, we would simply use likelihood ratio tests to determine the better model.
However, since our models are not nested, i.e. the parameters of one model are never entirely a
subset of another due to the different accessibility measures, the standard likelihood ratio test is
not applicable. We also considered composite likelihood ratio tests, for which we would estimate
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a composite model with the accessibility measures of both models we wish to compare. We can
then conduct likelihood ratio tests between this model and each of the two models with only one
accessibility measure since they are now nested versions of the composite model. However, this
test can be inconclusive if sample sizes are very large and the explanatory variables that differ
between the two models, i.e. accessibility measures in our case, capture different underlying
phenomena. We attempted to apply the composite likelihood ratio test to our models but they
were generally inconclusive.
In both Chapters 4 and 5, we consider two different models that are part of SimMobility's long-
term module, namely: the vehicle ownership choice model and the real estate hedonic price
model. These are described in more detail in the following sections of this chapter. The
accessibility measures to be tested are described in their respective chapters.
3.2 Vehicle Ownership Choice Model
The vehicle ownership choice model is a disaggregate household-level model that predicts the
number and type of vehicles each household owns based on its socio-demographic and locational
attributes. The choice is modelled using a multinomial logit model structure with six choice
alternatives. These are:
1. No motorized vehicles;
2. One or more motorcycles only;
3. Off-peak car with or without motorcycles;
4. Normal car only;
5. One normal car with one or more motorcycles; and
6. More than one normal car with or without motorcycles and with or without off-peak cars.
For more information about the vehicle quota system and COEs, please refer to Chapter 2.2.
The utility of household h for choosing alternative z is given by (3-3) and (3-4).
Uhz = Vz + E (3-3)
K M N
Vhz = Pz + Y'kPkz + YTmzfHmh + YAnzLnzh (3-4)
k m n
where Uhz is the total utility, Vhz is the systematic utility, and E is the Gumbel-distributed error
term. Pkz and Lnzh are alternative-specific attributes, while Hmh are generic. Conversely, Emz,
and Anz are alternative-specific coefficients, while 7)k are generic. The probability of choosing z
from a choice set J is then:
evz
P(z) = v (3-5)
Ye 'i
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A multinomial logit structure is used for practical reasons, namely to mimic the model structure
used in SimMobility. However, the independent and identically distributed (iid) error terms
imply the independence of irrelevant alternatives (IIA) assumption, which may be violated here.
For example, it seems unlikely that different choices involving one or more cars (alternatives 4,
5, and 6) are entirely uncorrelated. Hence, it may have been prudent to also consider nested or
cross-nested model structures.
As an explanatory variable in a vehicle ownership choice model, accessibility captures the
relative benefit with respect to improved mobility and access to opportunities of private vehicles.
Each choice alternative offers a different level of accessibility. The difference between these
informs the vehicle ownership choice. In other words, if the estimated accessibility difference
between owning a car and not owning a car is small, there is little reason to own one from an
accessibility perspective. Finally, vehicle ownership is a household-level decision. However, we
represent a household's accessibility by that of the household's highest income earner. While this
is of course a simplification, models estimated with the accessibility of all the household
members by role suggest that it is a reasonable approximation 2 . This does not affect the gravity-
based measure, since it is insensitive to personal attributes.
Table 3-1 shows the revealed vehicle ownership choice distribution found in HITS.
Table 3-1: Revealed vehicle ownership choice distribution
ID Alternative Revealed choice fraction
I No motorized vehicles 57.0%
2 One or more motorcycles only 4.7%
3 Off-peak car with or without motorcycles 1.9%
4 Normal car only 31.1%
5 One normal car with one or more motorcycles 1.0%
6 More than one normal car with or without motorcycles 4.3%
and with or without off-peak cars
The model is estimated on 2012 HITS data consisting of vehicle ownership choices of 9,066
households (after data cleanup). The explanatory variables for this model, not including
2 We estimated the vehicle ownership model with accessibility measures of different household roles. The
coefficients reflects relative weight of influence of each household role's accessibility. The roles (and associated
coefficients) were: highest income earner (1.90), other adult (0.09), elderly (1.32), children (-0.90). This suggests
that using the accessibility of the highest income earners to reflect households' accessibility is a reasonable first
order assumption.
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accessibility, are presented and described in Table 3-2 below. These were also collected as part
of the HITS.
Table 3-2: Explanatory variables (not including accessibility) for the vehicle ownership choice model
3.3 Real Estate Hedonic Price Model
The real estate hedonic price model is a linear regression that predicts the market price of
properties based on their attributes. The market price Pi for property i is modelled with a linear
regression model as follows:
M
ln(Pi) = a + Im Hmi + E
M
where a and fm are parameters to be estimated, Hmi are property-specific attributes, and E is a
normal-distributed error term. Separate models were estimated for HDB properties and private
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(3-6)
Explanatory variable
income
whiteCollar
employed
Elderly
kid]
kid2+
malay
indian
otherEthnicity
privateProperty
taxi
mrt500
mrtO000
Variable type
Continuous
Dummy
Dummy
Dummy
Dummy
Dummy
Dummy
Dummy
Dummy
Dummy
Dummy
Dummy
Dummy
Description
Monthly household income (in S$10,000)
I if one or more persons in the household is
employed in a white-collar job, 0 otherwise
1 if one or more persons in the household is
employed, 0 otherwise
1 if one or more persons in the household is at
least 60 years old, 0 otherwise
1 if there is one kid (age 0-14) in the household, 0
otherwise
1 if there are two or more kids (age 0-14) in the
household
1 if ethnicity is malay, 0 otherwise
I if ethnicity is indian, 0 otherwise
I if ethnicity is others, 0 otherwise
1 if household resides in a private property, 0
otherwise
1 if the household owns a taxi, 0 otherwise
I if the postcode the household resides in is within
500m of an MRT station, 0 otherwise
I if the postcode the household resides in is
between 500m and 1000m from an MRT station,
0 otherwise
properties due to the fundamental differences in the two markets. Please refer to Chapter 2.2 for
more information about the housing market in Singapore. Better-fitting models can be estimated
by further partitioning the data into sub-markets, e.g. distinct models for condos, apartments,
detached units and distinct models by small, mid-sized, and large units. These sub-market
models have been implemented in SimMobility and we use them as part of the WTP model
estimation. However, here we only distinguish between HDB and private properties to focus on
the impact of different accessibility measures.
Since market price should reflect the value that the market as a whole places on a unit, we use as
an explanatory variable the average accessibility across every household in the population were
they to live in the location of the unit, all else equal. Average accessibility reflects the broadness
of appeal of a location and by extension the competition for that location. In our model of market
prices, we would expect this to be positively correlated with the dependent variable. Again, this
aggregation does not affect the gravity-based measure because it is already aggregate.
The hedonic price models are estimated on real estate transaction data. The private unit
transactions are from 2001-16, while HDB transaction were recorded 2011-17. All transaction
prices were converted to their equivalent 2009 value. The explanatory variables are presented in
Table 3-3 and Table 3-4 for the private and HDB models, respectively.
Table 3-3: Explanatory variables (not including accessibility) in the hedonic price modelfor private units
Explanatory variable Variable type Description
log(area) Continuous Natural logarithm of the size of the property in
square metres
freehold Dummy I if property has freehold tenure; 0 otherwise
pms1000 Dummy 1 if a top-30 ranked primary school is located
within 1000 metres of property
distMallKM Continuous Distance to the nearest mall in kilometres
mrt200 Dummy 1 if property is within 500 metres of an MRT
station; 0 otherwise
mrt400 Dummy I if property is between 500 and 1000 metres from
the nearest MRT station; 0 otherwise
express200 Dummy I if property is within 200 metres of the nearest
expressway; 0 otherwise
bus400 Dummy I if property is between 200 and 400 metres from
the nearest bus stop; 0 otherwise
bus400+ Dummy 1 if property is more than 400 metres from the
nearest bus stop; 0 otherwise
age Continuous Age of property in years, capped at 50 for private
units
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Age of property in years squared, capped at 2500
for private units
1 if age information is missing; 0 otherwise
Storey on which property is located
Year and quarter of transaction
Table 3-4: Explanatory variables (not including accessibility) in the hedonic price modelfor HDB units
Explanatory variable
log(area)
pms1000
distMallKM
mrt200
mrt400
express200
bus400
age
age2
storey
yearQuarter
Variable type
Continuous
Dummy
Continuous
Dummy
Dummy
Dummy
Dummy
Continuous
Continuous
Categorical
Categorical
Description
Natural logarithm of the size of the property in
square metres
1 if a top-30 ranked primary school is located
within 1000 metres of property
Distance to the nearest mall in kilometres
I if property is within 500 metres of an MRT
station; 0 otherwise
1 if property is between 500 and 1000 metres from
the nearest MRT station; 0 otherwise
I if property is within 200 metres of the nearest
expressway; 0 otherwise
1 if property is between 200 and 400 metres from
the nearest bus stop; 0 otherwise
Age of property in years, capped at 35 for private
units
Age of property in years squared, capped at 2500
for private units
Storey on which property is located
Year and quarter of transaction
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age2
misage
storey
yearQuarter
Continuous
Dummy
Categorical
Categorical
4 COMPARING MEASURES OF AcCESSIBILITY
4.1 Measures of Accessibility
This section describes the three different measures of accessibility that we compare in this
chapter: gravity-based, trip-based, and activity-based.
Gravity-based Accessibility
Gravity-based accessibility is an aggregate location-based measure that summarizes the potential
opportunities for interaction and travel impedance of accessing them from a given location, e.g. a
person's home. In this study, we measure gravity-based accessibility at the zonal level to match
the granularity of the underlying travel and opportunities datasets. This corresponds to equation
(2-3) from the Background chapter presented again here for convenience.
I
A/ = dj -f(cij) (2-3)
dj is the number of destinations in zone j and f(cij) is the travel impedance function between
zones i and j. Here we consider the following three destination types with the units of
measurement shown below:
" Work, per 1000 jobs;
* Shopping, per 1000 sq. metres of retail and food services; and
* Other, per amenity establishment.
These destination types were chosen to match the trip purpose types captured by the activity-
based accessibility measure derived from the SimMobility activity schedule model. The
impedance function f(cij) can be formulated in a number of different ways. We use the negative
exponential formulation presented in (2-6).
f(cij) = e -acii (2-6)
ci; is the travel impedance measured by generalized cost of travel and A is a coefficient that
determines the rate of decay. As a proxy for how rapidly the value of an opportunity decays with
increasing travel impedance from a person's home location, we use revealed trip-making
behaviour from the 2012 HITS. Generalized travel costs are calculated as shown in equation
(4-1) using inter-zonal travel times and costs and their respective coefficients estimated in the
mode-destination choice models in SimMobility presented in Table 4-1.
Ci] = /3p,m,cost * Costm + /#p,m,time - timem (4-1)
Table 4-1: fl -coefficients for travel time and cost by mode and purpose from the mode-destination choice
models in SimMobility
Mode m
Purpose p Car Transit Walk
Cost Time Cost Time Cost Time
Work -0.04 -0.98 -0.04 -0.72 0.00 -2.21
Shopping -0.37 -4.65 -0.29 -2.78 0.00 -5.05
Other 0.00 -2.53 -0.35 -2.44 0.00 -3.33
The formulation for the impedance function (2-6) is quite similar to the probability density
function (PDF) of the exponential distribution Ae-x , which is useful for estimating the A-
parameter. The only difference is the leading A, which for our purposes will be absorbed by the
coefficients in the downstream models, i.e. vehicle availability and hedonic price models. From
the properties of the exponential distribution, the maximum likelihood estimate for A is presented
by (4-2).
1
A=- (4-2)
cii
where 7 is the mean observed travel impedance. Table 4-2 presents the maximum likelihood
estimates for the 2-parameters used to calculate gravity-based accessibility.
Table 4-2: Estimated A parameters by trip purpose
Purpose 2
Work 0.97
Shopping 0.34
Other 0.36
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Figure 4-1 through Figure 4-3 compare revealed trip-making patterns to the estimated expected
behaviour as function of generalized cost assuming a negative exponential impedance function.
Figure 4-1: Comparison of revealed and estimated expected work trips as function of generalized cost
Work
OM Revealed - Estiated
20%
18%
16%
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12%
10/0
6%
4%
2%
0%/
Generalized Cost
Figure 4-2: Comparison of revealed and estimated expected shopping trips as function of generalized
cost
Shopping
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Figure 4-3: Comparison of revealed and estimated expected other trips as function of generalized cost
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For all purposes, the expected trip frequency is an overestimate for low values of generalized
cost. Most likely, this is a reflection of distinct land use patterns with limited spatial overlap
between residential and commercial areas. Thus people must generally travel some distance to
reach opportunities, even if their preference is to travel minimally. In other words, the revealed
trips is a biased proxy for the value of opportunities if activity locations are not uniformly
distributed across space. Alternatively, overestimate of low-cost trips can be an indication that
the value of work, shopping, and other opportunities is not monotonically decreasing with
increasing cost. In other words, people would prefer some travel between their home and these
activities. The former case is not particularly problematic because the value of opportunities is
still monotonically decreasing with increasing cost and the bias can largely be cancelled out by
estimate of the coefficient in the downstream model.
Trip-based Accessibility
For trip-based accessibility, we consider the logsum of mode and mode-destination choice
models by purpose. This is the EMU or consumer surplus of the choice situation and can be
interpreted as accessibility in the context of transportation-land use decisions (Ben-Akiva &
Lerman, 1985). As shown previously, the EMU of a choice situation with alternatives j E j is
determined as follows:
EMU = E max (U)) = n evi) (2-7)
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where V1 is the systematic utility for alternative j. We consider the same trip purposes as we did
for gravity-based accessibility, namely work, shopping and other. For work, the logsum of a
work mode choice model is used if the individual indicated that they work at a fixed location.
Otherwise, we use the logsum of a work mode-destination choice model, which models the mode
and destination choices for work jointly. For shopping and other trips, we always use the
logsums of their respective mode-destination models since their destinations are generally not
fixed. All the models are estimated as part of SimMobility's day-to-day simulation module,
namely Mid-term Pre-day. Trip-based accessibility is a disaggregate utility-based measure. It
captures preference heterogeneity and the diminishing marginal value of additional choice
alternatives, which are limitations of the gravity-based measure. However, it still does not take
into account people's daily activity schedules. For example, trip-based accessibility places the
same value on access to shops regardless of how frequently a person shops.
Activity-based Accessibility
In theory, activity-based accessibility reflects the EMU of an entire day schedule of travel and
activities as opposed to simply a mode or mode-destination choice. This requires that activity
schedules be modelled in a nested structure, such that the top-level choice encompasses the
consumer surplus of every sub-choice in the activity schedule. The EMU can similarly be
expressed by equation (2-7) where V represents the systematic utility of day schedule choices
including the EMU of sub-level choices. However, in practice expressing entire activity
schedules in terms of choice models - let alone structuring them in nests - necessarily requires
some assumptions. The best approach is far from obvious.
The Mid-term Pre-day module in SimMobility proposes one such structure shown in Figure 4-4.
The arrows show the logsums, i.e. the EMU, of lower-level choice situations that appear as
explanatory variables in an upper-level model. Other models in the Pre-day module, including
time-of-day and stop generation models, which are not connected to the top-level choice through
logsums are not shown.
Figure 4-4: SimMobility day-to-day simulator logsum nesting structure
Day Pattern
Tours Stops
Shoping Other Work Work
Mode-Dest. Mode-Dest. Mode Mode-Dest.
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The mode and mode-destination choice models are the same as those used to determine trip-
based accessibility. The logsums of these models appear as explanatory variables in the Tours
and Stops models. The Tours model is a multinomial logit model where each alternative consists
of possible tour combinations represented by four purpose-specific binary dummies. A "1"
indicates that at least one tour of that purpose was completed during the modelled day, while a
"0" indicates that no tours of that purpose was completed. The model allows up to two tour
purposes to be completed each day. The four purposes are work, shopping, other, and education.
The same day schedule cannot contain both work and education tours. In total, there are ten
different possible tour combinations and thus ten choice alternatives for the multinomial logit
model. The tour purposes are the same ones considered for all three accessibility measures with
the addition of education. However, note that no education mode/mode-destination logsum is
represented in the upper-level choices. Hence, accessibility to education was not considered for
the trip-based and gravity-based accessibility measures. The Stops model is very similar; it is
also a multinomial logit model that consists of the same four purpose-specific binary dummies
and ten choice alternatives. However, a "1" in the purpose-specific dummy does not reflect that
at least one stop of the given type was made - as one might expect - but rather that the given
stop type is part of the choice set in the SimMobility Mid-term Pre-day stop-generation model.
Finally, the Day Pattern model is a binary logit model representing the choice between staying at
home for the modelled day and participating in out-of-home activities.
4.2 Model Estimation
This section presents results and summarizes key findings from the model estimation. For each
model and accessibility measure we tried different model specifications. For example, we tested
generic and alternative-specific coefficients for accessibility, and we examined the correlation
between the accessibility measures to avoid collinearity issues in the model estimation. Through
a series of likelihood ratio tests we arrived at the final model specifications presented here
Vehicle Ownership Model
We estimate the vehicle ownership model, discussed in Chapter 3.2, with each of the three
accessibility measures, i.e. three separate models, each with one measure of accessibility. The
estimated coefficients for the accessibility measures are presented in Table 4-3 and the goodness-
of-fit measures are presented in Table 4-4. The full estimation results are presented in Appendix
A.
Examining the coefficient estimates and the confidence statistics, we make the following
observations:
* The confidence in the coefficient estimates generally increase with increasing
sophistication in the accessibility measure. In particular, only 5/18 coefficients for the
gravity-based accessibility measures are statistically significant with at least 95%
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confidence. Conversely, this fraction is 12/18 for trip-based measures and 6/6 for
activity-based measures.
0 The inferiority of the gravity-based interpretation for the purpose of modelling vehicle
ownership can largely be attributed to its inflexibility due to its aggregate nature. In
particular, it only differentiates between owning a motorized vehicle versus not owning a
motorized vehicle. In other words, any choice alternative that includes at least one
motorized vehicle (2-6) are identical from the perspective of gravity-based accessibility.
* As expected, coefficients for accessibility to work are always positive and appear to be
the primary determinant in terms of accessibility vis-a'-vis vehicle ownership decisions.
0 Coefficients for accessibility to other amenities are also positive where we have at least
90% confidence that the coefficient is different from 0.
* For accessibility to shopping destinations, the coefficients are consistently negative.
Although very tenuous, this finding is surprising since interpreting accessibility to
shopping as undesirable is counterintuitive. The prevalence of malls in Singapore does
encourage more local shopping behaviour, which could at least explain the low estimate
confidence. The apparent undesirability of accessibility to shopping may be an artefact of
how we capture shopping destinations, i.e. by area, and the size of retail establishments in
desirable locations.
Unfortunately, a comparison of coefficient magnitudes is not meaningful since the different
accessibility measures are expressed in different units. Such a comparison would require
standardized coefficients. Instead we examine the effect size of each accessibility measure by the
overall model goodness-of-fit, which serves as a reasonable alternative since all other variables
remain unchanged across the models. The p2 suggests that the model estimated with trip-based
accessibility yields the best model fit. This finding is echoed by the relative model likelihoods;
the Akaike weight indicates that of the three models estimated we can be 100% sure (to at least
three significant digits) that the model estimated with trip-based accessibility lost the least
information. In other words, the trip-based accessibility measures best represent accessibility in
households' vehicle ownership choices.
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Table 4-3: Coefficient estimates for accessibility measures in the vehicle ownership models
3: Off-peak car 6: 2+ Normal
1: No vehicle:1+ Motorcycle w/ or w/o4: Normal 5: Normala car w/ or Wo
Variable only motorcycle car only w/ motorcycle motorcycle
/ t t P t I t / t P t
GBAwork 2.03 2.75 ** 2.00 2.92 ** -0.21 -0.24 0.65 1.12 0.39 0.38 1.36 1.74
GBA shop -6.50 -2.18 * -2.86 -1.37 -3.77 -1.39 -1.66 -0.99 -1.86 -0.57 -1.05 -0.49
GBAothr 0.38 1.60 -0.12 -1.20 0.40 2.54 * 0.17 2.49 * -0.04 -0.20 0.07 0.57
TBAwork 0.18 15.21 * 0.31 6.78 *** 0.45 6.39 *** 0.17 19.40 * 0.25 7.50 * 0.24 12.78 *
TBA shop -0.05 -0.27 -0.11 -0.65 -0.64 -3.02 ** -0.26 -1.47 -0.66 -2.66 ** -0.37 -1.86
TBAothr -0.05 -0.36 0.76 8.65 * 0.60 5.35 * -0.09 -0.82 0.86 7.03 *** 0.37 3.10 **
ABA 2.34 19.09 * 2.79 18.45 * 2.44 13.15 * 2.07 17.31 * 2.43 11.33 * 2.02 14.12 ***
Significance codes: 0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' I
Table 4-4: Goodness-of-fit of the vehicle ownership models estimated with different accessibility measures
Accessibility measure Relative likelihood (w) p
Gravity-based 0% 0.191
Trip-based 100% 0.254
Activity-based 0% 0.208
40
Real Estate Hedonic Price Model
We also estimate real estate hedonic price models presented in Chapter 3.2 with the three
measures of accessibility. We consider HDB and private units in separate models. The estimated
coefficients for these are presented in Table 4-5 and the goodness-of-fit measures can be found
in Table 4-6. The full estimation results are presented in Appendix B.
Table 4-5: Coefficient estimates for accessibility measures in the hedonic price models
HDB Private
Variable
fl t t
GBAwork 0.01 29.80 *** 0.07 185.84 *
GBAshop 0.01 6.76 * -0.08 -71.42 *
GBAothr 0.41 187.24 * 0.04 13.80 *
TBAwork 0.27 98.56 * 0.56 161.98 *
TBAshop 0.08 60.77 * 0.20 145.86 *
TBAothr -0.05 -20.74 *** -0.91 -315.38 *
ABA 5.29 305.70 *** 5.67 238.43 *
Significance codes: 0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1
Table 4-6: Goodness-of-fit measures for hedonic price models
Accessibility HDB Private
measure Relative likelihood (w) R2 Relative likelihood (w) R2
Gravity-based 0% 0.855 0% 0.765
Trip-based 100% 0.881 100% 0.817
Activity-based 0% 0.876 0% 0.769
From the coefficient estimates, we make the following observations:
* All the estimates are statistically significantly different from 0 with at least 99.9%
confidence. The t-statistics are extremely high because we have a large dataset for real
estate transaction, specifically 108,044 HDB and 338,956 private unit transactions.
Additionally, a large number of data points are near identical, e.g. similar units in the
same condo sold at the same price. These boost the estimate confidence. That said, this
fact does not diminish the validity of the implication of the results, namely that we can
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say with very high confidence that accessibility is an explanatory factor in the transaction
price of real estate.
* As with the vehicle ownership model, we cannot compare the magnitude of the
coefficients for the different accessibility measures because they are expressed in
different units.
* However, we can compare the models for HDB and private units that have been
estimated with the same accessibility measures. We observe that the coefficients for
private units are generally larger in magnitude. This suggests that the price of private
units is more sensitive to accessibility, which seems intuitive since the price for these
units are generally higher, more variable, and less regulated.
* There are still a number of unexpected negative coefficients, namely those for GBAShOp
(private) and TBAother (HDB and private). Both of these can likely be attributed to
spatial correlations in land use as we discussed for the vehicle ownership model.
Furthermore, it should be noted that TBAother does not explicitly capture any
destinations other than those already captured by TBAwork and TBAS ,p. Rather its
destination component relies primarily on zonal population, employment, and area.
Although all three accessibility measures yield statistically significant coefficients, the models
estimated with trip-based accessibility again produce the best fitting model. For both HDB and
private units, the trip-based accessibility measure loses the least information of the three
measures based on the relative likelihood. Thus it best represents accessibility in real estate
prices.
4.3 Discussion
For both the vehicle ownership model and the hedonic price model it appears that trip-based
accessibility is superior for representing accessibility preferences. The implication of these
results can be summarized as follows: (1) disaggregation, which allows us to capture
heterogeneity in taste preferences across different market segments, is important if we want to
represent accessibility accurately; (2) although measures of potential are useful as performance
indicators, people and market behaviour are better explained by measures of utility, which
capture experienced benefit; and (3) accessibility is generally perceived in the context of a
specific location, as opposed to in the context of daily activity schedules. The last point is not
surprising when we use accessibility to explain market values for properties, since we expect
accessibility to capture the locational benefits. However, it is somewhat unexpected that people
seemingly pay less attention to their activity patterns in making vehicle ownership decisions.
A single measure that comprehensively encapsulates the benefits that an individual derives from
the transportation land use system is extremely attractive. However, the mediocre performance of
activity-based accessibility - the most theoretically sophisticated measure - suggests that we
should not be blinded by this promise. Instead it would be prudent to consider carefully what it
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actually measures and why the results differ from the a priori expectations. For this, we
categorize limitations and potential issue areas by three labels: empirical, technical, and
theoretical. The empirical limitations relate to the deficiencies in the data that the underlying
models are estimated from. Specifically, the HITS survey only captures a single day of activity
for each person, while in reality people schedule most activities on a longer time scale, e.g.
grocery shopping every few days or once per week. On average, the activity frequencies are
correct, however we cannot capture the details of individuals' scheduling process, e.g.
interactions and substitutability between different activity types and/or among individuals in the
same household. The technical limitations generally stem from the discrepancy between what
activity-based accessibility should capture and what it actually captures with our proposed
formulation. For example, in practice the measure only captures household and social
interactions implicitly. Additionally, it has very limited sensitivity to intermediate activities
along tours and time-of-day effects, hence it does not accurately represent the benefits of more
complex travel-activity behaviour, e.g. trip-chaining. Of course, the technical limitations are
often related to the empirical ones, since the estimated model parameters will only be sensitive to
behaviour that is captured by the data. Finally, it is important that we consider the theoretical
underpinning for using activity-based accessibility as an explanatory factor in people's
behaviour. Even if we accurately capture all the benefits an individual derives from the
transportation land use system, it is not obvious that this would be the basis for their decision-
making. It is conceivable that people use much simpler criteria, such as travel time from work, to
support their decision-making.
In practice, researchers and analysts may not have the luxury of choosing between these
accessibility measures due to data limitations. Additionally, the ease of interpretation of simpler
measures can be a deciding advantage if communicating accessibility outputs, particularly to
laypeople, is pivotal. For such scenarios, the more pertinent takeaway from this study is that the
accessibility concept encompasses many different meanings. What is important when we use it is
that we understand what it actually measures and that this aligns with the purpose for which we
use it. We see from our results that the granularity of the accessibility measure should at least
match that of the decision-maker. The use of an aggregate measure of potential was
inappropriate and not particularly useful for explaining households' vehicle ownership choices.
Although still inferior to more sophisticated measures, it was much more useful for modelling
the market price of properties. In other words, aggregate measures of potential, such as
cumulative opportunities or gravity-based accessibility, are useful to describe the transportation
land use system and possibly even for explaining macro-level behaviour, however we should be
more cautious in using them to explain disaggregate decisions.
43
5 FORMULATIONS OF ACTIVITY-BASED
ACCESSIBILITY
5.1 Benchmarks
The interpretation of activity-based accessibility is not clear without considering a benchmark. In
discrete choice models, the utility value of a choice alternative is meaningless by itself. Rather,
the utility of a choice is only meaningful in relation to the utility of other choice alternatives.
Since activity-based accessibility is derived as the EMU of a nested activity schedule model its
absolute magnitude is similarly meaningless. It must also be interpreted in comparison to some
benchmark value. In other words, accessibility is the benefit of the transportation-land use
system in the studied scenario relative to that of a benchmark scenario. For a given study
scenario with corresponding activity-based accessibility AA and a benchmark scenario b with
corresponding activity-based accessibility Ab, the relative benefit is then:
Ai =bAAA (5-1)
It is not clear if there is a right choice for this benchmark scenario from a theoretical perspective,
and if not, the best choice is also not obvious. It would generally be preferable if all accessibility
values are of the same sign, i.e. all positive or all negative. In other words, the benchmark should
either be a worst case scenario - yielding all positive values - or a best case scenario - yielding
all negative values. In this chapter, we consider one of each, specifically:
* Worst-case benchmark: the scenario where the individual cannot access any out-of-
home destinations. Formulated as such, we can interpret activity-based accessibility as
the benefit derived from participation in out-of-home activities less the inconvenience of
travel.
* Best-case benchmark: the scenario where the individual can access any destination
instantaneously and at no cost, effectively teleporting between activities. Formulated as
such, we can interpret activity-based accessibility as the disbenefit that travel imposes on
people's activity patterns, including the opportunity cost of travel time that could be spent
productively otherwise.
For the worst-case benchmark, all individuals use the same benchmark value, namely the utility
of not participating in out-of-home activities, which in SimMobility's day-to-day activity
scheduling models for Singapore is defined as 0.55. However, this is equivalent to any other
44
benchmark value that is constant across individuals for the purposes of using accessibility as an
explanatory variable in a downstream model. In other words, the activity-based accessibility
calculated using any benchmark that is the same for every individual is perfectly correlated with
and contains the same amount of information as activity-based accessibility with the worst-case
benchmark. Thus, when we did not explicitly specify a benchmark for our activity-based
accessibility measure in the previous chapter, the benchmark was implicitly defined as 0. Our
accessibility measure was therefore effectively equivalent to one calculated with the worst-case
benchmark. The best-case benchmark, unlike the worst case, varies from individual to individual,
reflecting that different people have different activity demands and preferences.
5.2 Scaling
Considering activity-based accessibility relative to a benchmark allows us to interpret it more
intuitively. However, the interpretation remains abstract in the sense that benefit does not
translate directly into a real measurable value. Thus, it is still not useful for project evaluation
and for comparisons across different geographic contexts. To address this limitation, we convert
accessibility from units of utility to units of time (hours) or money (dollars). Dong et al. (2006)
proposes a method for this conversion given by equations (5-2) and (5-3).
A^A
A Ax A (5-2)A x
A- A AA
a = 8X (5-3)(SxV iec Piti
Here, A Ax is activity-based accessibility measured in units of x relative to some benchmark. ax
is the individual's valuation of x measured in utility per unit of x, e.g. utility per dollar. This
value is determined by first creating a hypothetical scenario where the cost (monetary or time) of
every trip is increased by 6x with the corresponding activity-based accessibility AgA. Then the
numerator in (5-3) is simply the change in activity-based accessibility from a 6x increase in the
cost of every trip. Correspondingly, the denominator - with pi and ti being the probability of
choice i and the number of trips for choice i, respectively - is the total change in travel cost. ax
can also be interpreted as the marginal value of x or the rate of change of activity-based
accessibility with respect to changes in trip cost. As Sx approaches 0, then ax approaches the
derivative of AA with respect to x.
As described in Chapter 4.1, the activity-based accessibility measure calculated from the day-to-
day activity scheduling model in SimMobility only captures which types of tours are made and
which types of stops can be made. It does not actually capture the number of tours or trips, which
is represented by ti in equation (5-3). Thus we use equation (5-4) in place of (5-3).
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ax - A5X& - (5-4)
Here ax is the rate of change of activity-based accessibility with respect to the average change in
trip cost.
5.3 Model Estimation
To compare the different benchmark and scaling approaches, we again consider the accessibility
measures as explanatory variables in vehicle ownership and hedonic price models per the
analysis framework described in Chapter 3. Here we consider activity-based accessibility with
two different benchmarks, worst and best case, and two different methods of scaling, by time and
money. This results in a total of four different model estimations for each of the vehicle
ownership and hedonic price models. Note that the minor discrepancies between the models
estimated with activity-based accessibility in Chapter 4 and those presented in this chapter
without changes to benchmarks or scaling stem from observations that were eliminated to allow
for scaling, e.g. to avoid divide-by-O errors which arise if a person appears inelastic vis-d-vis
travel time or travel cost. The models are estimated with the same data set within each chapter.
Vehicle Ownership Model
For the vehicle ownership model, estimated with different formulations of activity-based
accessibility, the estimated coefficients are presented in Table 5-1 and the goodness-of-fit
measures are presented in Table 5-2. The full estimation results can be found in Appendix A.
Examining the coefficient estimates and the confidence statistics, we make the following
observations:
" The original activity-based accessibility measure without re-scaling to units of time or
money performs better, both in terms the confidence in the coefficient estimates and
overall goodness-of-fit.
" While both rescaling approaches perform poorly, rescaling is still necessary for
comparisons to different contexts. Based on the goodness-of-fit alone, it is not clear
which approach, rescaling to time or cost, would be favoured for such purposes.
However, examining the coefficient estimates, several of the cost parameters are negative
while statistically significant with more than 99% confidence, which is counter-intuitive
and would likely produce illogical predictions in response to system or policy changes.
" The best-case benchmark performs worse than the worst-case benchmark, suggesting that
for vehicle ownership choices, interpreting accessibility as the benefits derived from the
transportation-land use system is more appropriate than the disbenefit imposed by travel
on activity patterns.
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Table 5-1:. Coefficient estimates for accessibility measures in the vehicle ownership models
2: 1+ Motorcycle 3: Off-peak car w/ 4: Normal 5: Normal car
Variable vehicle only or w/o motorcycle car only w/ motorcycle motorcl
motorcycle
3 t /3t /3t 3 t t /t
ABA 2.34 19.09 *** 2.79 18.45 * 2.44 13.15 * 2.07 17.31 * 2.43 11.33 * 2.02 14.12 *
ABA
worst 2.19 6.73 *** 4.81 12.87 *** 1.67 2.29 * 1.65 13.43 * 2.39 5.27 *** 1.83 7.11 *
time
ABA
worst -0.01 -3.77 * 0.73 10.44 * 0.40 3.04 ** -0.04 -8.98 *** 0.04 0.32 -0.30 -1.65
cost
ABA
best 1.28 4.25 *** 3.51 2.01 * 4.07 1.68 . 1.37 3.48 * -0.47 -0.30 0.62 0.67
time
ABA
best 0.05 3.26 ** -5.94 -6.49 *** -3.79 -2.50 * 0.40 9.76 *** -0.24 -0.15 2.20 2.17 *
cost
Significance codes: 0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1
Table 5-2: Goodness-of-fit of the vehicle ownership models estimated with different accessibility measures
Accessibility Relative 2
measure likelihood (w)
ABA 100% 0.207
ABAworsttime 0% 0.200
ABA worstcost 0% 0.194
ABAbesttime 0% 0.184
ABA best cost 0% 0.192
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Real Estate Hedonic Price Model
The accessibility coefficient estimates for the hedonic price model are presented in Table 5-3 and
the goodness-of-fit measure are presented in Table 5-4. The full model estimation results can be
found in Appendix B.
Table 5-3: Coefficient estimates for accessibility measures in the hedonic price models
Variable HDB Privatef t fl t
ABA 5.55 312.27 *** 5.86 236.56 *
ABA worsttime 8.08 309.04 *** 8.31 228.45 *
ABAworstcost 7.76 314.00 *** 8.26 237.87 ***
ABAbesttime 8.11 309.52 * 8.35 228.91 *
ABA best cost 7.78 314.44 *** 8.28 237.55 ***
Table 5-4: Goodness-of-fit of the hedonic price models estimated with different accessibility measures
HDB Private
Accessibility
Measure Relative likelihood (w) R 2 Relative likelihood (w) R2
ABA 0% 0.877 0% 0.763
ABAworsttime 0% 0.876 0% 0.761
ABAworst cost 0% 0.878 100% 0.764
ABAbesttime 0% 0.876 0% 0.761
ABA best cost 100% 0.878 0% 0.763
Examining the coefficient estimates and the confidence statistics, we make the following
observations:
" Overall, the difference in explanatory power between the different formulations of
activity-based accessibility are small. All t-stats are very high due to our large transaction
dataset and numerous similar entries; the adjusted R 2 range between 0.876-0.878 and
0.761-0.764 for HDB and private properties, respectively.
* The choice of benchmark, worst case or best case, for the activity-based accessibility
does not appear to have much of an impact on the performance of the model. This is
likely due to the aggregate nature of the activity-based accessibility measure used for the
hedonic price model. In other words, the differences in the best-case benchmark are
averaged out, making it functionally similar to the worst-case benchmark, because we use
an average accessibility for the estimation of the hedonic price model.
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" Furthermore, it is encouraging that coefficient estimates are largely consistent for the
same measurement unit within the same market regardless of benchmark. For example,
for HDB units the coefficients for the worsttime and besttime benchmarks are 8.08 and
8.11, respectively. This suggests that the average value of a minute of accessibility is
more or less the same regardless if we measure it as benefit or disbenefit.
" We do observe a difference in the coefficients between the HDB and private models; this
difference stems from a difference in the valuation of accessibility for the two markets.
Specifically, the private market appears more sensitive to accessibility, which is
consistent with our findings from Chapter 4.
" In terms of scaling, monetary units perform better than the default units of utility. This is
consistent across both HDB and private models and regardless of the chosen benchmark.
5.4 Discussion
Based on our model estimations, it did not appear that the best-case benchmark improved our
accessibility measure. The worst-case benchmark is functionally equivalent to our original
formulation of activity-based accessibility. Thus, any performance change there should be
attributed to the effects of scaling. Our benchmarks here were chosen because they represent
theoretical worst and best-case scenarios that can never be achieved in practice. This is desirable
to keep the sign of our accessibility measure consistent, i.e. either always positive or always
negative. Furthermore, the extreme nature of the benchmarks' assumptions, i.e. infinite or zero
travel costs, allow us to capture all the benefits or disbenefits derived from the transportation-
land use system. With a softer benchmark our accessibility measure would only partially capture
the benefits. Specifically that which is included in the benchmark is not captured by the
accessibility measure. That said, these benchmarks are potentially so unrealistic that the resulting
representation of accessibility does not reflect the benefits of the transportation-land use system
as they are perceived by people. For example, for evaluating the location premium of a property
it is unusual to consider as a benchmark a property without any access to transportation
infrastructure or activities. Rather, it seems more reasonable, in practice, to determine this
location premium by comparing to a similar unit located remotely but in the same urban area.
However, the choice of a specific practical worst case is not obvious due to heterogeneity in
preferences and the very practical fact that people work and attend school in different locations.
As such, the worst case location for one individual is likely good for another. Alternatively, less
extreme benchmarks can be generated by creating hypothetical transportation system scenarios.
For example, we can consider the scenario where people can only walk. With this benchmark,
accessibility can be interpreted as the benefits of all transportation infrastructure and technology.
Unfortunately, it is not apparent, a priori, if softer benchmarks would yield a better
representation of accessibility. Answering this question would require that we repeat the study
with reformulated accessibility measures.
49
The results of our rescaling efforts were similarly mixed. It is important to appreciate that there
are two aspects to the success of the rescaling: the theoretical appropriateness and the method we
use to rescale. It is perhaps easier to illustrate the points regarding theoretical appropriateness
with an object that is more concrete than accessibility, e.g. an apple. An apple is an apple. We
assign value to it. This value is different from person to person depending on taste preferences.
For someone who likes apples it might be worth a lot. For someone who does not, it is worth
very little. Yet, if the person who likes apples, and to whom the apple is worth a lot, has very
little money, he may only assign it a relatively small monetary value, e.g. $0.50. On other hand,
the person who dislikes apples could be extremely wealthy and assign a value of $2 - perhaps
purely for its health benefits. That is to say, the only valuation of the apple that they can both
agree on with certainty is that the apple is worth exactly one apple. This is simultaneously a
useless and profound statement. Useless because it does not inform our modelling effort - if
anything, it emphasizes its futility. Yet profound because it also emphasizes the notion that value
is something we assign. Thus, how we value the apple depends on the context of the evaluation.
If we want to know how much money we can sell the apple for, of course, it would be sensible to
ask the how much money each person would be willing to pay for it. However, if we want to
know how this apple would affect each person's diet, knowing their willingness-to-pay would be
of little use. Rather, we would evaluate the apple based on its nutritional value (and of course
each person's taste preferences and existing eating habits). Now, how does this rationale
translate from apples to accessibility? The different measures of accessibility formulated, tested,
and compared in this thesis are merely attempts at summarizing and assigning a value to the
transportation-land use system. The transportation-land use system can be worth a lot or very
little to a person depending on their taste preferences, specifically their preferences vis-d-vis
activity participation and travel. We try to capture this through the parameters in the nested
activity schedule model. The appropriate way to quantify this value depends on the purpose for
which it needs to be quantified. If the objective is to model the market value of a property, then it
seems sensible to measure accessibility in monetary terms. Were we instead to use accessibility
measured in utility as an explanatory variable, the model would imply that everyone uses the
same rate of conversion between dollars and utility. This is supported by our model estimation
results, showing that the dollar-measure of accessibility performed better than the time and
utility-measures for the hedonic price model. The case for the vehicle ownership model is less
clear since the dependent variable is unit-less. However, the utility equations underlying the
choice variable measure benefit, which is expressed in units of utility. While it is not obvious
that the benefits, and by extension utility units, of vehicle ownership are the same as those of the
transportation-land use system captured by activity-based accessibility, our model estimation
results suggest that keeping accessibility in utility units is most appropriate is more appropriate
than converting to units of time or money. In light of these findings, it is important to reiterate
that measuring accessibility in a unit that is meaningful outside the modelling context, e.g.
dollars or hours, is necessary if we intend on comparing accessibility across different contexts.
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The method by which we rescale accessibility also warrants some additional thought. The
interpretation of the converted value is not straightforward. As noted previously, equation (5-4)
is not sensitive to the number of trips and tours made. Therefore, the actual units of measure for
the rescaled accessibility are not dollars or hours but rather tour/trip-dollars or tour/trip-hours.
Dividing by the expected number of tours or trips would yield intuitive units for interpretation,
however it would bias the outcome since our formulation for activity-based accessibility is not
sensitive to the number of tours and trips made. Furthermore, our conversion is only an
approximation of the equivalent time or monetary value. ax in equation (5-4) provides the
marginal utility value of the next 5x. However, we implicitly assume that this value is constant
for any utility A A by simply dividing in equation (5-2). As such, if ax is not constant with respect
to A A, which is the case if the ft-parameters for x are vary across different choice alternatives,
then equation (5-2) is only an approximation. Instead, an exact rescaling would require that we
evaluate the integral in equation (5-5).
A A' A dA A (5-5)
Aax(A)
The function ax(AA) can also be written as shown in equation (5-6).
ax( AA) = AA (5-6)
ax
Of course, evaluating the derivative would require us to write out the entire multi-nested logsum
with the utility equations of all the alternatives at every level. Although tedious, this step is
certainly possible. On the other hand, it is not clear that the integral in equation (5-5) can be
evaluated analytically. Instead it may require numerical integration. Using this approach in place
of the approximation that we have employed is theoretically possible. However, in a simulation
setting it may be too computationally cumbersome to be feasible.
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6 CONCLUSION
6.1 Key Takeaways
The following list summarizes and reiterates the key takeaways from this thesis.
" There is no one true measure of accessibility
Different measures of accessibility have their own advantages and limitations vis-a'-vis
theoretical appeal, data requirements, communicability, etc. As such, they are more or
less appropriate for different applications. What is imperative is that we understand what
each measure actually captures and that this aligns with the purpose for which we use it.
" Disaggregate accessibility measures are advantageous, particularly for explaining
micro-level behaviour
Disaggregation, which allows us to capture heterogeneity in taste preferences across
different market segments, is important if we want to represent accessibility or predict
behaviour at a micro-level accurately; this advantage is less pronounced for predicting
aggregate macro-level behaviour.
* The behaviour of people and markets are better explained by measures of utility
than by measures of potential
Measures of utility more accurately capture experienced benefit and are thus more
appropriate for explaining household and market behaviour. However, measures of
potential have their uses, e.g. as system indicators because they aptly capture macro-level
performance with relatively little data.
" Our current formulation for activity-based accessibility is inadequate in its
representation of activity schedule effects
A combination of empirical, technical, and possibly also theoretical issues means that our
activity-based accessibility measure does not accurately capture several aspects of
activity schedules. For example, the underlying survey data, the 2012 HITS, only
captures a single day of activity for each person, while in reality people schedule most
activities on a longer time scale. Additionally, the measure has very limited sensitivity to
non-anchor activities in tours and time-of-day effects, hence it does not accurately
represent the benefits of more complex travel-activity behaviour, e.g. trip-chaining.
* Using no out-of-home activity participation as benchmark appears most
appropriate
Of the benchmarks we tested, namely a theoretical minimum and a theoretical maximum
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value, the minimum, so-called worst-case scenario, performed better. Other, less extreme,
benchmarks may be more appropriate but require additional testing.
" Measuring accessibility in units of time or money allows for comparison between
different analysis contexts
Converting accessibility to units of money or time allows for consistent comparisons
between different analysis contexts. As such, it is crucial that we rescale our activity-
based accessibility measure prior to using it outside the modelling context. However, as
an explanatory variable within the same modelling context, the best-performing unit of
measure apparently depends on the explained behaviour. For example, for predicting the
market price of residential units, measuring accessibility in monetary units is most
appropriate, while for predicting vehicle ownership decisions, which are directly a
function of the benefits derived from the transportation-land use system, it appears that
keeping accessibility in utility units is most appropriate.
* Current rescaling method is only approximate
Our current method for rescaling activity-based accessibility from units of utility to units
of time or money is approximate because it does not explicitly account for the number of
tours/trips made and it assumes that the marginal value of time and money are constant.
An exact method is likely possible but may be too computationally intensive for
simulation settings with the computing power that is currently available.
" The estimation of the real estate WTP model relies on several tenuous assumptions
The residential bidding model with the WTP function embedded relies on information
about buyer and seller behaviour, which is not available. As such the WTP parameter
estimates are dependent on the assumptions make in place of the missing data. Here we
propose an alternative estimation method.
6.2 Future Direction
Accessibility is a powerful lens through which to examine the transportation-land use system and
the urban system at large. However, in practice accessibility analyses tend to be context-specific
and often very ad hoc vis-d-vis what is measured, e.g. classification of opportunities or the
analysis time periods, as well as the input parameters, e.g. the isochrone travel limit for
cumulative opportunities or the rate of decay for gravity-based accessibility. Consequently,
accessibility from a given geographic or temporal context can often only be considered in
isolation. The development of accessibility measures that are consistent across different contexts
opens the door to many exciting prospects. For example:
* A comparative examination of the link between the accessibility and urban agglomeration
benefits would be an interesting line of inquiry. This would also involve developing a
better representation of accessibility for firms in addition to households, which has been
the focus of this work.
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* An examination of the impact of urban structure and the dominance of different modes on
accessibility, and perhaps more interestingly, its distribution across various population
segments.
The rise to date of telecommunications technology and virtual activities have not had the overall
demand-reducing effect that some had predicted for business and social travel. However,
activities that do not derive their benefit from personal interactions, such as shopping, seem to
have reached sufficient scale in many places to noticeably change activity-travel behaviour of the
population. Such fundamental changes to activity-travel behaviour requires that we re-evaluate
the meaning of our accessibility measures, specifically those that are not sensitive to activity
schedules. In theory, activity-based accessibility should capture the effects of such changes. In
practice, however, activity-based models, on which our accessibility measures rely, are often
actually location-based models. As such, we need to reconsider how time-use data is collected
and how the models underlying activity-based accessibility are formulated.
6.3 Concluding Remarks
This thesis is a small step towards better understanding what accessibility is and how to measure
it. It shows the potential usefulness of accessibility analyses, but more than anything it illustrates
the many complexities involved. With the ubiquity of GPS-enabled devices and increasing
systematization and availability of urban spatial data, we have the opportunity to develop truly
behaviourally sound transportation-land use benefit measures. However, it is crucial that we do
not blindly increase the complexity of these measures in the pursuit of sophistication for its own
sake. As evidenced from this study, theoretical sophistication must be supported by appropriate
data and technically sound implementation.
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APPENDIX A:
VEHICLE OWNERSHIP MODEL ESTIMATION RESULTS WITH VARIOUS
ACCESSIBILITY MEASURES
Table A-]. Vehicle ownership model parameters for model estimated with gravity-based accessibility
1: 1+ Motorcycle 2: Opeak car 3: Normal car 4: Normal car w/ 5: 2+Normal car
Variable only only motorcycle(s)
motorcycle(s) motorcycle(s)
3 t / t fl t / t 8 t P t
constant -3.35 -4.77 * -7.09 -4.91 *** -2.02 -5.66 * -5.46 -3.34 * -6.59 -7.93 ***
income 0.46 2.20 * 1.80 6.93 *** 2.23 22.61 *** 2.84 9.58 *** 3.61 22.66 *
malay 1.40 11.63 *** 1.48 7.93 * -0.50 -5.07 *** 1.49 6.00 *** 0.02 0.09
indian 0.22 1.42 0.17 0.71 -1.04 -11.41 *** -0.91 -2.19 * -1.84 -7.83 *
otherEthnicity -0.71 -1.79 . -0.30 -0.69 -1.56 -9.13 * -1.89 -1.86 . -3.37 -4.52 *
elderly -0.03 -0.26 0.08 0.47 -0.08 -1.29 0.46 2.10 * 0.40 3.08 **
privateProperty -1.59 -3.13 ** 0.13 0.37 1.62 18.98 * 1.29 4.20 * 3.08 21.37 *
whiteCollar 0.09 0.76 0.28 1.42 0.36 5.22 * 0.35 1.21 0.46 2.19 *
employed 1.11 3.66 *** 1.85 1.81 . -0.43 -3.59 * 0.74 0.71 -0.19 -0.46
kid] 0.09 0.65 0.58 2.95 ** 0.37 5.40 *** 0.37 1.34 0.36 2.39 *
kid2+ 0.21 1.60 0.64 3.23 ** 0.68 9.74 * 0.75 2.92 ** 0.64 4.05 ***
taxi -0.36 -0.95 -0.31 -0.51 -1.12 -4.27 *** -0.85 -0.82 -1.19 -1.17
mrt500 -0.22 -1.38 0.11 0.47 0.01 0.12 0.08 0.26 -0.52 -2.78 **
mrt]000 0.08 0.60 0.20 1.00 -0.16 -2.22 * -0.23 -0.86 -0.37 -2.59 **
GBAwork 2.03 2.75 ** 2.00 2.92 ** -0.21 -0.24 0.65 1.12 0.39 0.38 1.36 1.74
GBAshop -6.50 -2.18 * -2.86 -1.37 -3.77 -1.39 -1.66 -0.99 -1.86 -0.57 -1.05 -0.49
GBA othr 0.38 1.60 -0.12 -1.20 0.40 2.54 * 0.17 2.49 * -0.04 -0.20 0.07 0.57
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Table A-2: Vehicle ownership model parameters for model estimated with trip-based accessibility
1: 1+ Motorcycle 2: Off-peak car 3: Normal car 4: Normal car w/ 5: 2+ Normal car0: No vehicle w/ or w/o w/ or w/o
Variable ony ()only motorcycle(s) mtrylcs
motorcycle(s) motorcycle(s)
/ t /3 t P t / t /3t P t
constant -12.42 -14.54 * -10.62 -7.69 *** 0.65 1.21 -10.61 -6.42 * -7.30 -8.61 ***
income 0.49 2.13 * 1.73 6.61 *** 2.17 21.61 * 2.90 9.57 * 3.58 22.13 *
malay 1.05 7.60 * 1.39 7.33 * -0.43 -4.30 *** 1.30 5.05 * 0.06 0.24
indian 0.25 1.41 0.20 0.87 -1.01 -10.98 *** -0.93 -2.20 * -1.89 -8.00 *
otherEthnicity -0.62 -1.47 -0.29 -0.67 -1.39 -8.31 *** -1.82 -1.77 . -3.24 -4.34 *
elderly 0.15 1.21 0.15 0.83 -0.12 -1.89 . 0.53 2.31 * 0.40 3.00 **
privateProperty -1.43 -2.76 ** 0.21 0.62 1.58 18.86 *** 1.44 4.64 *** 3.12 21.66 ***
whiteCollar 0.06 0.42 0.24 1.23 0.35 5.05 *** 0.34 1.18 0.44 2.14 *
employed 0.48 1.84 . 2.19 2.13 * -0.62 -5.60 *** 0.89 0.84 -0.33 -0.86
kid] 0.14 0.94 0.68 3.46 *** 0.40 5.86 *** 0.38 1.36 0.41 2.72 **
kid2+ 0.36 2.43 * 0.87 4.36 *** 0.78 10.88 * 0.93 3.53 * 0.81 5.09 *
taxi 0.04 0.09 -0.25 -0.41 -1.36 -5.17 * -0.62 -0.60 -1.39 -1.37
mrt500 -0.39 -2.39 * -0.07 -0.33 -0.17 -2.41 * -0.09 -0.30 -0.59 -3.37 *
mrt]000 -0.09 -0.63 0.13 0.67 -0.22 -3.41 *** -0.30 -1.14 -0.40 -2.81 **
TBAwork 0.18 15.21 *** 0.31 6.78 *** 0.45 6.39 * 0.17 19.40 * 0.25 7.50 * 0.24 12.78 *
TBA_shop -0.05 -0.27 -0.11 -0.65 -0.64 -3.02 ** -0.26 -1.47 -0.66 -2.66 ** -0.37 -1.86
TBA othr -0.05 -0.36 0.76 8.65 *** 0.60 5.35 *** -0.09 -0.82 0.86 7.03 *** 0.37 3.10 **
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Table A-3: Vehicle ownership model parameters for model estimated with activity-based accessibility
1: 1+ Motorcycle 2: Off-peak car 3: Normal car 4: Normal car w/ 5: 2+Normal car0: No vehicle w/ or w/o w/ or w/o
tmotorcycle(s) motorcycle(s)
/ t / t P t /t t P t
constant -5.77 -12.01 *** -7.62 -6.68 *** -1.21 -7.71 * -8.05 -6.70 * -5.80 -12.17 ***
income 0.32 1.48 1.70 6.53 *** 2.18 21.85 *** 2.75 9.19 *** 3.51 21.73 ***
malay 1.35 11.10 * 1.49 7.99 *** -0.40 -4.01 * 1.59 6.43 * 0.07 0.28
indian 0.20 1.29 0.12 0.50 -1.02 -11.16 * -1.00 -2.41 * -1.95 -8.28 *
otherEthnicity -0.77 -1.94 . -0.33 -0.76 -1.42 -8.31 * -1.84 -1.80 . -3.26 -4.37 *
elderly 0.11 1.00 0.18 1.05 -0.16 -2.66 ** 0.51 2.33 * 0.43 3.26 **
privateProperty -1.57 -3.08 ** 0.03 0.10 1.49 17.38 * 1.17 3.82 * 2.98 20.71 *
whiteCollar 0.05 0.41 0.25 1.28 0.42 5.99 * 0.31 1.08 0.51 2.40 *
employed -0.75 -2.10 * 0.89 0.82 0.11 0.68 -0.13 -0.11 0.13 0.26
kid] 0.27 2.03 * 0.75 3.81 * 0.36 5.25 *** 0.48 1.73 . 0.35 2.29 *
kid2+ 0.53 4.00 *** 0.95 4.81 *** 0.78 11.00 * 0.99 3.84 *** 0.74 4.65 *
taxi -0.08 -0.21 -0.27 -0.44 -1.42 -5.38 * -0.85 -0.83 -1.41 -1.38
mrt500 -0.38 -2.64 ** -0.21 -0.98 -0.25 -3.48 * -0.18 -0.68 -0.69 -4.00 ***
mrt]OOO -0.03 -0.22 0.05 0.25 -0.26 -4.04 * -0.34 -1.33 -0.43 -3.11 **
ABA 2.34 19.09 *** 2.79 18.45 * 2.44 13.15 *** 2.07 17.31 * 2.43 11.33 * 2.02 14.12 *
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Table A-4: Vehicle ownership model parameters for model estimated with activity-based accessibility using the worst-case benchmark
measured converted to units of time
1: 1+ Motorcycle 2: Off-peak car 3: Normal car 4: Normal car w/ 5: 2+ Normal carO: No vehicle w/lor w/o w/ or w/o
Variable only motorce)only motorcycle(s) motorls
motorcycle(s) motorcycle(s)
/ t / t 8 t / t / t 8 /
constant -4.52 -14.06 * -6.97 -6.75 * -1.69 -13.60 * -7.53 -7.21 * -5.96 -14.63 *
income 0.34 1.54 1.81 6.94 *** 2.21 21.78 *** 2.90 9.65 * 3.62 22.13 ***
malay 1.32 10.33 * 1.55 8.03 * -0.45 -4.35 * 1.59 6.17 * 0.06 0.21
indian 0.18 1.11 0.22 0.93 -1.05 -11.22 *** -0.89 -2.14 * -1.85 -7.87 ***
otherEthnicity -0.81 -1.89 . -0.22 -0.51 -1.50 -8.50 ** -1.76 -1.72 . -3.32 -4.45**
elderly 0.05 0.46 0.10 0.57 -0.20 -3.25 ** 0.42 1.83 . 0.30 2.29 *
privateProperty -1.44 -2.82 ** 0.07 0.21 1.54 18.02 *** 1.21 3.94 *** 3.06 21.11 *
whiteCollar 0.11 0.82 0.30 1.49 0.38 5.32 *** 0.30 1.00 0.48 2.24 *
employed -0.11 -0.33 1.74 1.66 . -0.44 -3.29 ** 0.34 0.32 -0.48 -1.10
kidi 0.09 0.63 0.58 2.96 ** 0.41 5.69 *** 0.50 1.77 . 0.40 2.60 **
kid2+ 0.15 1.02 0.56 2.66 ** 0.82 10.62 *** 0.96 3.51 * 0.74 4.49 ***
taxi -0.13 -0.33 -0.26 -0.42 -1.27 -4.81 *** -0.88 -0.85 -1.31 -1.29
mrt500 -0.45 -2.95 ** -0.20 -0.91 -0.25 -3.38 *** -0.27 -0.93 -0.74 -4.23 *
mrtl000 -0.04 -0.32 0.01 0.04 -0.29 -4.31 * -0.35 -1.35 -0.45 -3.20 **
ABA worsttime 2.19 6.73 * 4.81 12.87 *** 1.67 2.29 * 1.65 13.43 *** 2.39 5.27 *** 1.83 7.11 *
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Table A-5: Vehicle ownership model parameters for model estimated with activity-based accessibility using the worst-case benchmark
measured converted to units of cost
1: 1+ Motorcycle 2: Off-peak car 3: Normal car 4: Normal car w/ 5: 2+ Normal car
. 0 : oonlyclew /o r w /ow/ r w/Variable 0Novhceonl  w/  oonly motorcycle(s) w rW
motorcycle(s) motorcycle(s)
/ t / t / t / t / t / t
constant 
-4.09 -13.12 *** -7.05 -6.89 * -1.67 -14.31 *** -7.31 -7.03 *** -5.78 -14.35 *
income 0.45 2.06 * 1.87 7.17 * 2.11 20.87 *** 2.85 9.59 *** 3.53 21.80 *
malay 1.38 10.89 *** 1.55 8.05 *** -0.49 -4.75 * 1.49 5.80 *** -0.01 -0.03
indian 0.22 1.35 0.22 0.94 -1.07 -11.37 * -0.91 -2.18 * -1.88 -7.99 *
otherEthnicity -0.72 -1.68 . -0.20 -0.45 -1.51 -8.57 *** -1.80 -1.77 . -3.35 -4.51 *
elderly -0.09 -0.74 0.05 0.30 -0.09 -1.42 0.51 2.25 * 0.42 3.20 **
privateProperty 
-1.47 -2.89 ** 0.11 0.33 1.58 18.46 * 1.27 4.13 *** 3.09 21.35 *
whiteCollar 0.13 1.02 0.31 1.51 0.38 5.36 * 0.35 1.18 0.49 2.32 *
employed 0.84 2.74 ** 1.72 1.68 . -0.30 -2.56 * 0.81 0.78 -0.11 -0.26
kid] 0.03 0.20 0.60 3.07 ** 0.46 6.47 * 0.42 1.50 0.43 2.82 **
kid2+ 0.03 0.21 0.58 2.79 ** 0.86 11.06 * 0.80 2.94 ** 0.73 4.49 *
taxi -0.27 -0.71 -0.25 -0.41 -1.15 -4.35 * -0.72 -0.71 -1.20 -1.18
mrt500 
-0.45 -2.99 ** -0.23 -1.04 -0.24 -3.27 ** -0.26 -0.93 -0.73 -4.20 *
mrt000 -0.04 -0.30 0.00 0.00 -0.28 -4.23 * -0.34 -1.30 -0.45 -3.19 **
ABA worstcost -0.01 -3.77 * 0.73 10.44 *** 0.40 3.04 ** -0.04 -8.98 *** 0.04 0.32 -0.30 -1.65
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Table A-6: Vehicle ownership model parameters for model estimated with activity-based accessibility using the best-case benchmark
measured converted to units of time
2: Off-peak car 5: 2+ Normal car
0: No vehicle 1:1+ Motorcycle w/ or w/o3: Normal car 4: Normal car w w/ or w/o
Variable only motorcycle(s) only motorcycle(s) motorcycle(s)
/ t / t P t / t / t P t
constant -3.91 -11.77 * -6.86 -6.61 * -1.66 -13.74 * -7.54 -7.15 * -5.94 -14.40 *
income 0.36 1.65 . 1.80 6.88 * 2.17 21.46 * 2.80 9.38 * 3.54 21.84 ***
malay 1.47 11.81 * 1.58 8.23 * -0.53 -5.16 * 1.50 5.85 *** -0.02 -0.07
indian 0.24 1.47 0.22 0.93 -1.07 -11.51 * -0.92 -2.21 * -1.89 -8.03 *
otherEthnicity -0.74 -1.74 . -0.22 -0.51 -1.56 -8.89 *** -1.82 -1.78 . -3.36 -4.49 ***
elderly -0.03 -0.26 0.09 0.51 -0.08 -1.25 0.56 2.49 * 0.45 3.45 *
privateProperty -1.51 -2.96 ** 0.09 0.26 1.60 18.76 * 1.23 4.00 * 3.09 21.31 *
whiteCollar 0.15 1.18 0.31 1.54 0.38 5.41 *** 0.32 1.08 0.47 2.22 *
employed 1.03 3.36 *** 1.79 1.75 . -0.39 -3.30 *** 0.76 0.72 -0.29 -0.67
kid] 0.10 0.71 0.67 3.35 * 0.40 5.72 * 0.54 1.91 . 0.46 2.99 **
kid2+ 0.15 1.00 0.69 3.20 ** 0.78 10.41 *** 1.04 3.81 *** 0.81 4.92 *
taxi -0.27 -0.72 -0.26 -0.43 -1.11 -4.23 *** -0.79 -0.77 -1.21 -1.19
mrt500 -0.36 -2.42 * -0.19 -0.86 -0.24 -3.30 *** -0.23 -0.82 -0.70 -3.98 *
mrtlO00 -0.02 -0.14 0.01 0.06 -0.28 -4.33 * -0.32 -1.22 -0.41 -2.95 **
ABA best time 1.28 4.25 *** 3.51 2.01 * 4.07 1.68 . 1.37 3.48 *** -0.47 -0.30 0.62 0.67
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Table A-7: Vehicle ownership model parameters for model estimated with activity-based accessibility using the best-case benchmark
measured converted to units of cost
2: Off-peak car 5: 2+ Normal car
. 0: No whicle 1: 1+ Motorcycle w/ or f /c 3: Normal car 4: Normal car w/ w/ or w/o
Variable 0:N hceonly wor/oonly motorcycle(s) w rW
motorcycle(s) motorcycle(s)
/ t / t P t / t / t / t
constant -4.48 -13.98 * -7.30 -7.08 *** -1.61 -13.72 * -7.34 -7.03 * -5.70 -13.98 *
income 0.42 1.92 . 1.85 7.09 * 2.10 20.73 * 2.82 9.53 * 3.53 21.80 *
malay 1.44 11.52 * 1.57 8.18 * -0.49 -4.73 *** 1.49 5.80 * -0.01 -0.04
indian 0.24 1.47 0.23 0.96 -1.06 -11.23 *** -0.90 -2.16 * -1.90 -8.05 *
otherEthnicity -0.71 -1.66 . -0.22 -0.49 -1.44 -8.13 * -1.84 -1.80 . -3.38 -4.55 ***
elderly -0.11 -0.92 0.04 0.24 -0.12 -1.94 . 0.53 2.32 * 0.41 3.11 **
privateProperty -1.55 -3.04 ** 0.06 0.18 1.59 18.55 * 1.24 4.06 *** 3.10 21.41 *
whiteCollar 0.13 1.06 0.30 1.50 0.39 5.59 * 0.33 1.13 0.49 2.31 *
employed 1.14 3.73 *** 1.88 1.84 . -0.30 -2.54 * 0.86 0.82 -0.16 -0.38
kid] 0.13 0.96 0.68 3.44 * 0.44 6.19 * 0.45 1.61 0.41 2.64 **
kid2+ 0.21 1.47 0.71 3.40 * 0.84 11.08 *** 0.85 3.18 ** 0.69 4.24 *
taxi -0.31 -0.84 -0.30 -0.49 -1.14 -4.32 * -0.77 -0.75 -1.18 -1.16
mrt500 -0.39 -2.62 ** -0.21 -0.96 -0.24 -3.33 *** -0.26 -0.91 -0.75 -4.29 *
mrtIO00 -0.02 -0.16 0.01 0.03 -0.29 -4.32 * -0.33 -1.29 -0.45 -3.22 **
ABA bestcost 0.05 3.26 ** -5.94 -6.49 *** -3.79 -2.50 * 0.40 9.76 *** -0.24 -0.15 2.20 2.17 *
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APPENDIX B:
HEDONIC PRICE MODEL ESTIMATION RESULTS
WITH VARIOUS ACCESSIBILITY MEASURES
Table B-1: Parameters for the hedonic price model for HDB units estimated with gravity-based,
trip-based, and activity-based accessibility measures.
Variable
GBAwork
GBA shop
GBAothr
TBAwork
TBA shop
TBAothr
ABA
constant
log(area)
pms_1km
distMallKM
mrt200
mrt2400
express200
bus400
age
age2
storey4
storey6
storey7
storey 10
storeyl I
storey 13
storeyl6
storey 19
storey2l1
storey22
storey25
P t p t p t
0.01
0.01
0.41
8.54
0.86
0.00
-0.02
0.03
0.01
0.00
0.01
-0.03
0.00
0.02
0.04
0.04
0.06
0.06
0.08
0.14
0.18
0.20
0.23
0.24
29.80
6.76
187.24
0.27
0.08
-0.05
9.03
0.88
0.00
-0.01
0.03
0.03
-0.01
0.01
-0.02
0.00
0.02
0.04
0.04
0.06
0.06
0.08
0.12
0.14
0.16
0.20
0.19
1106.03
602.93
3.69
-43.04
16.85
12.16
1.18
9.52
-124.02
108.29
14.51
40.43
30.62
41.78
51.29
43.81
73.37
51.24
50.32
55.39
39.64
98.56
60.77
-20.74
411.70
679.88
3.24
-24.13
22.88
29.16
-11.32
14.19
-125.83
100.99
15.65
43.49
34.06
44.51
54.81
43.61
70.74
45.50
44.63
52.79
34.41
**
5.29
-21.32
0.88
0.00
-0.01
0.03
0.02
0.00
0.01
-0.03
0.00
0.02
0.04
0.04
0.06
0.06
0.08
0.12
0.15
0.17
0.20
0.20
305.70
-213.14
658.43
3.27
-28.20
17.17
23.26
-4.66
12.94
-129.36
105.56
15.28
43.18
33.90
43.18
53.83
43.36
71.64
45.26
44.85
52.28
34.55
62
**
storey26
storey28
storey3 I
storey34
storey36
storey3 7
storey40
storey43
storey46
storey49
2011Q2
2011Q3
2011Q4
2012Q1
2012Q2
2012Q3
2012Q4
2013Q1
2013Q2
2013Q3
2013Q4
2014Q1
2014Q2
2014Q3
2014Q4
2015Q2
2015Q3
2015Q4
2016Q1
2016Q2
2016Q3
2016Q4
2017Q1
2017Q2
2017Q3
0.27
0.32
0.34
0.34
0.27
0.32
0.35
0.46
0.47
0.48
0.01
0.03
0.05
0.05
0.05
0.06
0.08
0.07
0.09
0.06
0.04
0.02
-0.01
-0.02
-0.04
0.07
0.05
0.05
0.05
0.05
0.05
0.04
0.03
0.03
0.02
38.99
40.90
38.84
36.19
16.81
28.70
27.28
20.57
19.01
16.16
6.41
14.40
19.68
13.99
22.78
26.57
31.54
32.08
38.84
25.35
16.25
7.67
-4.23
-7.44
-14.05
18.43
16.23
19.53
19.08
19.58
16.27
11.17
7.81
6.08
2.38
***
0.18
0.22
0.23
0.25
0.22
0.22
0.24
0.31
0.31
0.31
0.01
0.03
0.05
0.05
0.05
0.06
0.08
0.08
0.09
0.06
0.04
0.02
-0.01
-0.02
-0.03
0.05
0.03
0.04
0.04
0.04
0.04
0.03
0.02
0.02
0.01
28.87
31.55
29.81
28.99
15.38
21.59
20.61
14.98
13.77
11.77
6.03
15.53
20.84
15.45
25.04
29.72
35.32
36.07
43.58
28.44
18.32
10.07
-4.09
-6.59
-13.77
14.62
12.04
15.97
15.99
16.44
15.26
9.45
5.77
4.51
1.12
0.19
0.24
0.25
0.26
0.21
0.24
0.27
0.35
0.36
0.36
0.01
0.03
0.05
0.05
0.05
0.06
0.08
0.08
0.09
0.06
0.04
0.02
-0.01
-0.01
-0.03
0.05
0.04
0.04
0.04
0.04
0.04
0.03
0.03
0.02
0.01
63
29.32
32.72
31.74
29.94
14.38
22.75
22.38
17.12
15.76
13.42
5.88
15.27
20.14
14.91
24.72
29.17
34.47
35.69
43.04
28.14
18.19
9.83
-3.25
-6.17
-13.32
14.79
13.00
16.42
17.11
17.03
15.63
10.24
6.81
5.64
1.85
***
Table B-2: Parameters for the hedonic price model for private units estimated
based, trip-based, and activity-based accessibility measures.
with gravity-
p t P t p t
0.07
-0.08
0.04
Variable
GBAwork
GBAshop
GBAothr
TBAwork
TBA shop
TBAothr
ABA
Constant
log(area)
freehold
pMis1000
distMallKM
mrt200
mrt400
express200
bus400
bus400+
age
age2
misage
storey I
storey2
storey3
storey4
storey5
storey6
storey7
storey8
storey9
storeyl10
storey 11
storey 12
storeyl3
storeyl4
storey 15
storeyl 6
storeyl 7
storeyl8
storey19
185.84
-71.42
13.80
0.56
0.20
-0.91
16.06
0.88
0.16
0.05
-0.01
0.06
0.03
-0.02
0.07
0.24
-0.02
0.00
-0.11
-0.01
0.03
0.04
0.03
0.03
0.05
0.06
0.07
0.09
0.08
0.10
0.10
0.11
0.11
0.13
0.13
0.13
0.16
0.18
879.49
763.80
144.83
61.15
9.18
8.90
31.90
-23.88
46.28
87.91
127.23
125.30
-48.70
14.66
32.46
37.15
36.08
32.96
36.66
39.91
39.85
48.46
45.04
46.23
44.08
44.35
41.09
47.67
46.53
47.59
52.67
55.40
161.98
145.86
-315.38
552.09
848.78
106.23
47.95
-11.15
30.71
24.07
-11.81
67.80
96.73
-171.63
156.71
-59.64
-5.51
13.45
18.23
15.91
13.38
21.59
26.19
26.26
33.77
31.87
35.59
33.62
36.17
33.94
40.38
37.72
36.89
40.03
40.84
5.86
-24.53
0.90
0.21
0.02
-0.04
-0.02
0.03
-0.02
0.08
0.35
-0.02
0.00
-0.10
0.03
0.07
0.08
0.08
0.07
0.10
0.11
0.11
0.13
0.12
0.13
0.13
0.13
0.12
0.15
0.15
0.17
0.21
0.24
236.56
-171.37
767.44
127.66
14.02
-61.77
-11.51
19.66
-15.81
69.40
124.41
-147.65
139.92
-48.85
11.74
28.99
34.44
32.82
29.98
37.42
39.43
38.14
45.48
41.36
41.94
39.54
38.43
34.92
40.90
39.46
41.20
45.82
49.33
64
9.20
0.90
0.24
0.07
0.01
0.02
0.05
-0.04
0.06
0.25
-0.02
0.00
-0.10
0.04
0.08
0.09
0.09
0.08
0.10
0.11
0.11
0.14
0.13
0.15
0.14
0.15
0.15
0.17
0.18
0.19
0.24
0.27
storey20
storey2l
storey22
storey23
storey24
storey25
storey26
storey27
storey28
storey29
storey30
storey3 I
storey32
storey33
storey34
storey35
storey36
storey3 7
storey3 8
storey39
storey40
storey4l1
storey42
storey43
storey44
storey45
storey46
storey47
storey48
storey49
storey50
storey5 1
storey52
storey53
storey54
storey55
storey56
storey57
storey5 8
storey59
storey60
storey6l
storey62
0.29
0.30
0.30
0.31
0.29
0.31
0.32
0.34
0.34
0.35
0.39
0.37
0.46
0.45
0.45
0.44
0.53
0.48
0.48
0.55
0.59
0.59
0.70
0.72
0.73
0.79
0.68
0.62
0.79
0.74
0.96
1.06
0.98
0.94
0.88
0.91
0.89
0.91
0.89
0.95
0.93
0.91
0.87
55.71
53.11
51.23
49.53
41.59
43.45
43.06
44.73
43.77
43.27
43.40
37.01
41.36
37.43
35.50
31.33
36.27
29.10
29.13
29.58
30.78
23.68
28.47
25.99
22.41
21.76
23.06
17.01
24.84
21.27
26.07
25.29
23.15
19.09
16.03
19.08
15.34
17.08
19.77
16.33
16.87
16.81
17.65
0.19
0.20
0.21
0.20
0.19
0.19
0.21
0.22
0.22
0.23
0.24
0.20
0.27
0.27
0.26
0.26
0.29
0.25
0.23
0.31
0.31
0.30
0.38
0.36
0.38
0.45
0.32
0.26
0.39
0.32
0.55
0.66
0.58
0.50
0.44
0.48
0.46
0.48
0.45
0.52
0.50
0.47
0.41
41.26
38.80
39.37
35.76
30.24
31.01
31.46
33.03
31.96
31.26
30.15
22.30
27.39
25.60
23.74
21.14
22.52
17.28
15.62
18.76
18.33
13.66
17.63
14.81
13.43
14.15
12.32
8.00
13.72
10.33
17.00
17.82
15.70
11.51
9.18
11.38
9.01
10.20
11.34
10.12
10.21
9.94
9.55
65
0.27
0.28
0.28
0.29
0.27
0.28
0.30
0.32
0.32
0.32
0.35
0.31
0.39
0.38
0.37
0.38
0.44
0.40
0.39
0.46
0.51
0.50
0.60
0.62
0.62
0.73
0.61
0.55
0.68
0.63
0.84
0.94
0.88
0.81
0.73
0.77
0.75
0.76
0.76
0.82
0.79
0.77
0.73
50.42
48.37
47.66
45.69
38.29
39.91
39.92
41.27
40.32
39.54
38.42
30.54
34.45
31.44
29.40
26.98
29.68
24.00
23.22
24.53
26.91
19.86
24.31
22.18
19.18
20.14
20.55
14.90
21.23
17.82
22.75
22.51
20.74
16.47
13.25
16.02
12.89
14.34
16.75
13.93
14.38
14.17
14.78
storey63
storey64
storey65
storey66
storey67
storey68
storey69
storey70
2001Q2
2001Q3
2001Q4
2002Q I
2002Q2
2002Q3
2002Q4
2003Q1
2003Q2
2003Q3
2003Q4
2004Q1
2004Q2
2004Q3
2004Q4
2005Q1
2005Q2
2005Q3
2005Q4
2006Q1
2006Q2
2006Q3
2006Q4
2007Q1
2007Q2
2007Q3
2007Q4
2008Q1
2008Q2
2008Q3
2008Q4
2009Q I
2009Q2
2009Q3
2009Q4
0.90
0.78
0.81
0.86
0.90
0.99
0.83
0.89
-0.04
-0.08
-0.10
-0.04
-0.01
-0.04
-0.09
-0.11
-0.10
-0.08
-0.14
-0.12
-0.13
-0.12
-0.13
-0.15
-0.19
-0.12
-0.10
-0.06
-0.05
-0.02
0.06
0.16
0.23
0.37
0.36
0.28
0.22
0.17
0.11
0.06
0.14
0.27
0.31
14.48
11.63
12.63
14.37
13.67
7.74
2.91
3.10
-5.05
-9.64
-11.54
-5.06
-1.88
-5.79
-11.12
-10.69
-11.35
-9.72
-16.18
-14.46
-15.29
-14.25
-15.77
-17.55
-24.54
-15.79
-12.87
-8.27
-6.58
-2.30
8.34
22.92
34.44
52.56
49.00
34.44
27.65
22.17
11.41
7.60
19.87
39.06
43.35
***
***
***
0.48
0.35
0.38
0.43
0.47
0.59
0.45
0.44
-0.04
-0.09
-0.12
-0.08
-0.05
-0.07
-0.09
-0.14
-0.17
-0.14
-0.18
-0.17
-0.18
-0.17
-0.18
-0.20
-0.19
-0.16
-0.14
-0.12
-0.10
-0.07
0.00
0.10
0.18
0.32
0.32
0.25
0.20
0.17
0.08
0.05
0.12
0.24
0.28
8.68
5.93
6.79
8.24
8.19
5.24
1.77
1.77
-6.44
-13.25
-15.51
-12.90
-7.77
-9.62
-13.02
-16.20
-23.17
-19.48
-22.92
-22.27
-24.42
-22.98
-24.75
-25.92
-28.28
-23.79
-21.27
-17.28
-14.74
-10.01
-0.10
15.57
30.72
51.56
48.40
34.79
29.03
24.66
9.86
7.42
18.87
40.38
43.57
0.76
0.64
0.67
0.72
0.76
0.85
0.68
0.73
-0.05
-0.13
-0.13
-0.07
-0.04
-0.06
-0.10
-0.12
-0.14
-0.12
-0.15
-0.14
-0.15
-0.15
-0.14
-0.16
-0.15
-0.13
-0.08
-0.07
-0.05
0.00
0.06
0.15
0.23
0.36
0.36
0.28
0.21
0.16
0.10
0.04
0.14
0.26
0.31
66
12.17
9.50
10.47
12.04
11.51
6.60
2.38
2.53
-6.86
-16.20
-14.96
-9.93
-5.15
-7.94
-12.40
-12.26
-16.04
-15.53
-17.27
-16.55
-18.52
-18.23
-16.95
-17.99
-19.09
-16.90
-10.79
-9.17
-7.07
-0.63
7.82
21.20
33.88
51.70
48.28
34.64
26.89
20.63
11.21
5.39
19.87
38.28
42.48
**
*
2010Q1
201 0Q2
2010Q3
2010Q4
2011Q1
2011Q2
2011Q3
2011Q4
2012Q1
2012Q2
2012Q3
2012Q4
2013Q1
2013Q2
2013Q3
2013Q4
2014Q1
2014Q2
2014Q3
2014Q4
2015Q1
2015Q2
2015Q3
2015Q4
2016Q1
2016Q2
0.37
0.40
0.40
0.41
0.42
0.43
0.41
0.39
0.40
0.37
0.38
0.43
0.44
0.50
0.49
0.44
0.45
0.47
0.48
0.50
0.45
0.49
0.39
0.46
0.45
0.47
52.54
57.95
56.41
58.54
59.30
62.42
57.68
53.13
56.34
53.07
54.78
61.83
59.09
72.54
67.19
61.72
58.27
64.13
62.33
65.74
57.62
67.07
54.71
62.49
59.72
63.36
0.33
0.36
0.38
0.39
0.41
0.43
0.41
0.40
0.39
0.38
0.40
0.44
0.43
0.47
0.46
0.43
0.44
0.46
0.46
0.46
0.43
0.45
0.41
0.43
0.41
0.44
54.16
59.59
61.14
64.15
66.27
69.47
65.57
62.16
62.07
62.43
65.17
72.08
64.70
78.11
71.85
67.43
63.75
70.69
67.95
68.26
63.38
69.64
64.28
64.94
62.48
67.96
67
0.35
0.39
0.37
0.39
0.41
0.43
0.41
0.38
0.38
0.36
0.39
0.43
0.43
0.49
0.46
0.45
0.44
0.45
0.46
0.48
0.45
0.47
0.42
0.45
0.46
0.48
50.11
56.43
52.89
56.41
56.91
61.95
57.82
51.25
53.67
52.27
56.20
61.08
57.19
71.30
63.64
62.33
56.60
60.24
59.79
62.50
57.52
65.02
58.42
60.35
60.63
63.95
Table B-3: Parameters for the hedonic price model for HDB units estimated with activity-based
accessibility using the worst-case benchmark measured in units of time and cost.
t
309.04
Variable
ABAworsttime
ABAworstcost
constant
log(area)
pmslkm
distMalIKM
mrt200
mrt2400
express200
bus400
age2
l(age2^2)
storey4
storey6
storey7
storey 10
storeyl I
storeyl3
storeyl6
storey19
storey2l
storey22
storey25
storey26
storey28
storey3 I
storey34
storey36
storey3 7
storey40
storey43
storey46
storey49
2011Q2
2011Q3
2011Q4
2012Q1
2012Q2
2012Q3
0.01
*** -19.59
0.88
0.00
-0.02
0.03
0.02
-0.01
0.01
P-
0.01
-20.83
0.88
0.00
-0.01
0.03
0.02
0.00
0.01
-0.02
0.00
0.02
0.04
0.04
0.06
0.06
0.08
0.12
0.15
0.17
0.20
0.20
0.19
0.24
0.26
0.27
0.22
0.24
0.27
0.36
0.36
0.37
0.01
0.03
0.05
0.05
0.05
0.06
68
p t
-213.91
663.14
0.97
-33.20
20.04
27.35
-1.79
12.34
-123.40
101.25
15.10
43.72
33.60
43.56
54.07
43.67
72.22
46.40
45.16
52.95
36.10
30.18
33.66
32.57
30.68
15.25
23.34
22.85
17.22
15.80
13.45
6.00
15.25
20.24
14.98
24.96
29.32
314.00
-213.19
668.92
-2.27
-37.68
19.12
27.07
-6.27
11.63
-120.14
98.62
14.60
44.12
33.23
43.35
54.17
43.04
71.87
46.92
45.94
53.58
36.26
30.79
34.23
33.08
31.54
15.99
23.97
22.97
17.05
15.65
13.33
6.04
15.30
20.39
15.08
24.92
29.30
-0.02
0.00
0.02
0.04
0.04
0.06
0.06
0.08
0.12
0.15
0.17
0.20
0.20
0.20
0.25
0.26
0.28
0.23
0.25
0.27
0.35
0.35
0.36
0.01
0.03
0.05
0.05
0.05
0.06
*
2012Q4
2013Q I
2013Q2
2013Q3
2013Q4
2014Q1
2014Q2
2014Q3
2014Q4
2015Q2
2015Q3
2015Q4
2016Q1
2016Q2
2016Q3
2016Q4
2017Q1
2017Q2
2017Q3
0.08
0.08
0.09
0.06
0.04
0.02
-0.01
-0.02
-0.03
0.05
0.03
0.04
0.04
0.04
0.04
0.03
0.02
0.02
0.01
34.86
35.33
42.62
27.97
17.82
9.53
-4.05
-6.83
.13.83
13.93
11.52
15.62
15.83
15.89
14.66
9.17
5.57
4.78
1.11
0.08
0.08
0.09
0.06
0.04
0.02
-0.01
-0.02
-0.03
0.05
0.03
0.04
0.04
0.04
0.04
0.03
0.02
0.02
0.01
69
34.92
35.23
42.58
27.76
17.61
8.96
-4.64
-7.44
-14.60
13.83
11.16
15.02
15.07
15.28
14.20
8.82
5.07
3.98
0.75
Table B-4: Parameters for the hedonic price modelfor HDB units estimated with activity-based
accessibility using the best-case benchmark measured in units of time and cost.
P t 3 t
8.11 309.52 *
Variable
ABAbesttime
ABAbestcost
constant
log(area)
pms-lkm
distMallKM
mrt200
mrt2400
express200
bus400
age2
I(age2^2)
storey4
storey6
storey7
storey 10
storey 11
storeyl3
storey 16
storey 19
storey2l
storey22
storey25
storey26
storey28
storey3 1
storey34
storey36
storey3 7
storey40
storey43
storey46
storey49
2011Q2
2011Q3
2011Q4
2012Q
2012Q2
2012Q3
7.78
11.17
0.88
0.00
-0.02
0.03
0.02
-0.01
0.01
11.45
0.88
0.00
-0.01
0.03
0.02
0.00
0.01
-0.02
0.00
0.02
0.04
0.04
0.06
0.06
0.08
0.12
0.15
0.17
0.20
0.20
0.19
0.24
0.26
0.27
0.22
0.24
0.27
0.36
0.36
0.36
0.01
0.03
0.05
0.05
0.05
0.06
1197.59
663.61
0.93
-33.34
19.99
27.29
-1.86
12.38
-123.36
101.17
15.11
43.76
33.62
43.59
54.13
43.70
72.27
46.41
45.15
52.95
36.10
30.13
33.62
32.52
30.63
15.24
23.29
22.83
17.19
15.77
13.43
6.01
15.27
20.25
14.99
24.99
29.36
314.44
1270.82
669.32
-2.45
-37.96
19.11
27.11
-6.33
11.63
-120.13
98.56
14.58
44.18
33.22
43.37
54.24
43.06
71.93
46.95
45.95
53.58
36.26
30.79
34.23
33.07
31.53
15.96
23.96
22.98
17.06
15.66
13.34
6.05
15.31
20.40
15.09
24.94
29.32
70
*
-0.02
0.00
0.02
0.04
0.04
0.06
0.06
0.08
0.12
0.15
0.17
0.20
0.20
0.20
0.25
0.26
0.27
0.23
0.25
0.27
0.35
0.35
0.36
0.01
0.03
0.05
0.05
0.05
0.06
2012Q4
2013Q1
2013Q2
2013Q3
2013Q4
2014Q1
2014Q2
2014Q3
2014Q4
2015Q2
2015Q3
2015Q4
2016Q1
2016Q2
2016Q3
2016Q4
2017Q1
2017Q2
2017Q3
0.08
0.08
0.09
0.06
0.04
0.02
-0.01
-0.02
-0.03
0.05
0.03
0.04
0.04
0.04
0.04
0.03
0.02
0.02
0.01
34.89
35.36
42.67
28.01
17.83
9.55
-4.04
-6.82
-13.83
13.95
11.54
15.66
15.88
15.96
14.73
9.21
5.61
4.82
1.13
0.08
0.08
0.09
0.06
0.04
0.02
-0.01
-0.02
-0.03
0.05
0.03
0.04
0.04
0.04
0.04
0.03
0.02
0.02
0.01
71
34.95
35.25
42.61
27.78
17.62
8.96
-4.65
-7.45
-14.62
13.82
11.16
15.01
15.08
15.29
14.22
8.84
5.08
3.99
0.75
Table B-5: Parameters for the hedonic price model for private units estimated with activity-
based accessibility using the worst-case benchmark measured in units of time and cost.
P t p t
8.31 228.453 *
Variable
ABAworst_ time
ABAworstcost
Constant
log(area)
freehold
pms1000
distMallKM
mrt200
mrt400
express200
bus400
bus400+
age
age2
misage
storeyl
storey2
storey3
storey4
storey5
storey6
storey7
storey8
storey9
storey 10
storeyl I
storey12
storeyl3
storeyl4
storey 15
storey 16
storey 17
storey 18
storey 19
storey20
storey2l1
storey22
storey23
storey24
-21.56
0.90
0.22
0.02
-0.04
-0.02
0.03
-0.02
0.08
0.36
-0.02
0.00
-0.10
0.03
0.07
0.08
0.08
0.08
0.10
0.11
0.11
0.13
0.12
0.13
0.13
0.13
0.13
0.15
0.15
0.17
0.21
0.25
0.27
0.28
0.29
0.29
0.27
-159.434
763.241
130.692
12.95
-65.25
-10.696
20.856
-15.473
69.93
125.259
-147.144
139.924
-48.304
11.536
28.918
34.451
32.831
30.083
37.655
39.616
38.305
45.613
41.447
42.116
39.718
38.72
35.235
41.271
39.846
41.676
46.31
49.819
50.88
48.813
48.106
46.186
38.744
8.26
-21.37
0.91
0.21
0.02
-0.03
-0.03
0.03
-0.02
0.08
0.35
-0.02
0.00
-0.10
0.03
0.07
0.09
0.08
0.08
0.11
0.11
0.11
0.14
0.12
0.13
0.13
0.13
0.12
0.15
0.15
0.17
0.21
0.24
0.27
0.28
0.29
0.29
0.27
72
237.87
-165.514
768.579
126.497
16.376
-59.103
-11.834
20.001
-17.141
68.471
123.623
-146.885
139.251
-48.94
12.522
29.604
35.013
33.449
30.556
37.899
39.884
38.615
46.018
41.924
42.277
39.897
38.656
35.11
41.031
39.663
41.346
46.039
49.55
50.651
48.588
47.836
45.85
38.454
storey25
storey26
storey27
storey28
storey29
storey30
storey3 1
storey32
storey33
storey34
storey35
storey36
storey37
storey3 8
storey39
storey40
storey4l1
storey42
storey43
storey44
storey45
storey46
storey47
storey48
storey49
storey50
storey5l
storey52
storey53
storey54
storey55
storey56
storey57
storey5 8
storey59
storey60
storey6l
storey62
storey63
storey64
storey65
storey66
storey67
0.29
0.31
0.32
0.32
0.33
0.35
0.32
0.39
0.39
0.38
0.38
0.44
0.41
0.39
0.46
0.52
0.51
0.61
0.63
0.63
0.74
0.62
0.56
0.69
0.63
0.85
0.95
0.89
0.82
0.74
0.78
0.76
0.77
0.77
0.82
0.80
0.78
0.74
0.77
0.65
0.68
0.73
0.77
40.446
40.448
41.806
40.875
40.086
38.928
30.976
34.839
31.793
29.74
27.338
30.002
24.298
23.546
24.831
27.232
20.094
24.54
22.397
19.363
20.323
20.769
15.09
21.422
18.003
22.904
22.641
20.88
16.596
13.357
16.142
12.986
14.445
16.891
14.026
14.481
14.279
14.907
12.258
9.589
10.559
12.132
11.598
0.28
0.30
0.32
0.32
0.32
0.35
0.31
0.39
0.38
0.37
0.38
0.44
0.40
0.39
0.46
0.51
0.50
0.60
0.62
0.62
0.73
0.61
0.55
0.68
0.62
0.84
0.94
0.88
0.81
0.73
0.76
0.75
0.76
0.76
0.81
0.79
0.77
0.73
0.76
0.64
0.67
0.72
0.76
73
40.042
40.028
41.359
40.399
39.602
38.485
30.641
34.554
31.529
29.502
27.029
29.729
24.043
23.25
24.514
26.866
19.842
24.296
22.163
19.166
20.092
20.484
14.863
21.18
17.775
22.712
22.469
20.702
16.455
13.239
16
12.873
14.3 17
16.73
13.907
14.357
14.152
14.758
12.147
9.481
10.446
12.02
11.49
storey68
storey69
storey70
2001Q2
2001Q3
2001Q4
2002Q1
2002Q2
2002Q3
2002Q4
2003Q1
2003Q2
2003Q3
2003Q4
2004Q1
2004Q2
2004Q3
2004Q4
2005Q1
2005Q2
2005Q3
2005Q4
2006Q1
2006Q2
2006Q3
2006Q4
2007Q1
2007Q2
2007Q3
2007Q4
2008Q1
2008Q2
2008Q3
2008Q4
2009Q1
2009Q2
2009Q3
2009Q4
2010Q1
2010Q2
2010Q3
201 0Q4
2011Q1
0.86
0.69
0.73
-0.06
-0.13
-0.13
-0.07
-0.04
-0.06
-0.10
-0.12
-0.14
-0.12
-0.15
-0.14
-0.15
-0.15
-0.14
-0.15
-0.15
-0.13
-0.08
-0.07
-0.05
0.00
0.06
0.15
0.23
0.36
0.36
0.28
0.21
0.16
0.10
0.04
0.14
0.26
0.31
0.35
0.39
0.37
0.39
0.40
6.649
2.403
2.553
-6.956
-16.178
-14.951
-10.081
-5.16
-7.881
-12.315
-12.151
-15.848
-15.373
-17.197
-16.402
-18.357
-18.13
-16.772
-17.854
-18.757
-16.787
-10.584
-9.09
-6.975
-0.399
7.916
21.282
33.86
51.515
48.112
34.488
26.756
20.541
11.14
5.111
19.813
38.149
42.281
49.846
56.189
52.607
56.081
56.543
***
*
0.84
0.68
0.72
-0.05
-0.13
-0.13
-0.07
-0.04
-0.06
-0.10
-0.12
-0.14
-0.12
-0.15
-0.14
-0.15
-0.15
-0.14
-0.16
-0.15
-0.13
-0.08
-0.07
-0.05
-0.01
0.06
0.15
0.23
0.36
0.36
0.28
0.21
0.16
0.10
0.04
0.14
0.26
0.31
0.35
0.39
0.37
0.39
0.40
6.583
2.37
2.525
-6.831
-16.142
-14.909
-9.75
-5.057
-8
-12.477
-12.24
-16.07
-15.443
-17.212
-16.563
-18.538
-18.175
-16.986
-18.002
-19.222
-16.889
-10.809
-9.096
-7.036
-0.727
7.825
21.192
33.896
51.784
48.342
34.685
26.905
20.581
11.239
5.558
19.861
38.268
42.572
50.208
56.444
52.929
56.421
56.912
74
**
*
2011Q2
2011Q3
2011Q4
2012Q I
2012Q2
2012Q3
2012Q4
2013Q1
2013Q2
2013Q3
2013Q4
2014Q1
2014Q2
2014Q3
2014Q4
2015Q1
2015Q2
2015Q3
2015Q4
2016Q1
2016Q2
0.43
0.41
0.38
0.38
0.36
0.39
0.43
0.43
0.49
0.46
0.45
0.44
0.45
0.46
0.48
0.45
0.47
0.42
0.45
0.45
0.48
61.599
57.52
50.968
53.243
51.972
55.977
60.868
57.018
70.955
63.027
62.065
56.217
59.823
59.487
62.184
57.167
64.586
58.015
60.063
60.257
63.648
0.43
0.41
0.38
0.38
0.36
0.39
0.43
0.43
0.49
0.47
0.45
0.44
0.45
0.46
0.48
0.45
0.47
0.42
0.45
0.46
0.48
75
61.924
57.722
51.129
53.775
52.169
56.026
60.913
57.115
71.369
63.992
62.361
56.725
60.447
59.899
62.617
57.609
65.243
58.37
60.442
60.77
64.048
Table B-5: Parameters for the hedonic price modelfor private units estimated with activity-
based accessibility using the best-case benchmark measured in units of time and cost.
Variable P t t
ABAbesttime 8.35 228.911 ***
ABAbestcost 8.28 237.55 *
Constant 11.62 841.283 *** 11.39 888.219 ***
log(area) 0.90 763.414 *** 0.91 768.395 *
freehold 0.22 130.645 *** 0.21 126.579 *
pms1000 0.02 12.893 *** 0.02 16.274 ***
distMallKM -0.04 -65.385 * -0.03 -59.49 *
mrt200 -0.02 -10.741 * -0.03 -11.815 ***
mrt400 0.03 20.804 *** 0.03 20.091 *
express200 -0.02 -15.457 * -0.03 -17.218 *
bus400 0.08 69.977 *** 0.08 68.541 *
bus400+ 0.36 125.353 *** 0.35 123.67 *
age 
-0.02 -147.293 * -0.02 -146.868 ***
age2  0.00 140.065 0.00 139.276
misage -0.10 -48.323 *** -0.10 -48.907 *
storey1 0.03 11.394 * 0.03 12.497 ***
storey2 0.07 28.771 *** 0.07 29.576 *
storey3 0.08 34.305 * 0.09 34.988 *
storey4 0.08 32.684 * 0.08 33.429 *
storey5 0.08 29.936 *** 0.08 30.541 *
storey6 0.10 37.525 * 0.11 37.898 ***
storey7 0.11 39.4 9 **0.11 39.881**
storey8 0.11 38.18 3 **0.11 38.613**
storey9 0.13 45.502 * 0.14 46.022 *
storeyl0 0.12 41.339 * 0.12 41.929 *
storeyl 0.13 42.011 * 0.13 42.267 *
storeyl2 0.13 39.618 *** 0.13 39.895 *
storeyl3 0.13 38.628 * 0.13 38.655 *
storeyl4 0.13 35.146 *** 0.12 35.111 *
storey 15 0.15 41.188 **0.15 41.032**
storeyl6 0.15 39.769 *** 0.15 39.669 *
storeyl7 0.17 41.603 * 0.17 41.355 *
storey18 0.21 46.234 *** 0.21 46.044 *
storey19 0.25 49.743 * 0.24 49.558 *
storey20 0.27 50.805 *** 0.27 50.66 *
storey2l 0.28 48.743 *** 0.28 48.597 *
storey22 0.29 48.042 * 0.29 47.848 *
storey23 0.29 46.127 * 0.29 45.869 ***
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storey24
storey25
storey26
storey27
storey28
storey29
storey30
storey3 1
storey32
storey33
storey34
storey35
storey36
storey3 7
storey3 8
storey39
storey40
storey41
storey42
storey43
storey44
storey45
storey46
storey47
storey48
storey49
storey50
storeyS I
storey52
storey53
storey54
storey55
storey56
storey57
storey5 8
storey59
storey60
storey61
storey62
storey63
storey64
storey65
storey66
0.27
0.29
0.31
0.32
0.32
0.33
0.35
0.31
0.39
0.39
0.38
0.38
0.44
0.41
0.39
0.46
0.52
0.50
0.60
0.62
0.63
0.74
0.62
0.56
0.69
0.63
0.85
0.95
0.89
0.82
0.74
0.77
0.76
0.77
0.77
0.82
0.80
0.78
0.74
0.77
0.65
0.68
0.73
38.696
40.403
40.402
41.759
40.827
40.037
38.882
30.931
34.789
31.747
29.693
27.295
29.951
24.255
23.497
24.799
27.192
20.061
24.505
22.361
19.333
20.305
20.744
15.063
2 1.396
17.98
22.882
22.624
20.86
16.573
13 .336
16.118
12.966
14.424
16.865
14.007
14.46
14.258
14.883
12.24
9.572
10.541
12.114
0.27
0.28
0.30
0.32
0.32
0.32
0.35
0.31
0.39
0.38
0.37
0.38
0.44
0.40
0.39
0.46
0.51
0.50
0.60
0.62
0.62
0.73
0.61
0.55
0.68
0.62
0.84
0.94
0.88
0.81
0.73
0.76
0.75
0.76
0.76
0.81
0.79
0.77
0.73
0.76
0.64
0.67
0.72
77
38.474
40.074
40.06
41.387
40.428
39.633
38.514
30.669
34.57
31.545
29.515
27.046
29.744
24.056
23.259
24.523
26.883
19.85
24.303
22.17
19.174
20.105
20.498
14.869
21.188
17.784
22.719
22.474
20.706
16.454
13.237
15.996
12.87
14.314
16.727
13.904
14.354
14.15
14.757
12.145
9.479
10.443
12.018
storey67
storey68
storey69
storey70
2001Q2
2001Q3
2001Q4
2002Q1
2002Q2
2002Q3
2002Q4
2003Q1
2003Q2
2003Q3
2003Q4
2004Q1
2004Q2
2004Q3
2004Q4
2005Q1
2005Q2
2005Q3
2005Q4
2006Q1
2006Q2
2006Q3
2006Q4
2007Q1
2007Q2
2007Q3
2007Q4
2008Q1
2008Q2
2008Q3
2008Q4
2009Q I
2009Q2
2009Q3
2009Q4
2010Q 1
201 0Q2
2010Q3
2010Q4
0.77
0.85
0.69
0.73
-0.06
-0.13
-0.13
-0.07
-0.04
-0.06
-0.10
-0.12
-0.14
-0.12
-0.15
-0.14
-0.15
-0.15
-0.14
-0.15
-0.15
-0.13
-0.08
-0.07
-0.05
0.00
0.06
0.15
0.23
0.36
0.36
0.28
0.21
0.16
0.10
0.04
0.14
0.26
0.31
0.35
0.39
0.37
0.39
11.581
6.641
2.399
2.55
-6.963
-16.188
-14.959
-10.096
-5.172
-7.896
-12.328
-12.167
-15.867
-15.377
-17.206
-16.412
-18.374
-18.154
-16.794
-17.871
-18.761
-16.806
-10.599
-9.112
-6.99
-0.408
7.909
21.273
33.857
51.513
48.12
34.489
26.765
20.553
11.146
5.092
19.821
38.156
42.282
49.844
56.198
52.618
56.087
*
*
0.76
0.84
0.68
0.72
-0.05
-0.13
-0.13
-0.07
-0.04
-0.06
-0.10
-0.12
-0.14
-0.12
-0.15
-0.14
-0.15
-0.15
-0.14
-0.16
-0.15
-0.13
-0.08
-0.07
-0.05
-0.01
0.06
0.15
0.23
0.36
0.36
0.28
0.21
0.16
0.10
0.04
0.14
0.26
0.31
0.35
0.39
0.37
0.39
11.487
6.582
2.37
2.527
-6.843
-16.161
-14.927
-9.777
-5.072
-8.016
-12.491
-12.248
-16.067
-15.447
-17.212
-16.573
-18.548
-18.192
-17
-18.014
-19.211
-16.899
-10.8 13
-9.108
-7.048
-0.73
7.826
21.182
33.882
51.76
48.321
34.665
26.885
20.559
11.231
5.532
19.851
38.245
42.546
50.174
56.416
52.894
56.391
78
*
*
2011Q1
2011Q2
2011Q3
2011Q4
2012Q1
2012Q2
2012Q3
2012Q4
2013Q1
2013Q2
2013Q3
2013Q4
2014Q1
2014Q2
2014Q3
2014Q4
2015Q1
2015Q2
2015Q3
2015Q4
2016Q1
2016Q2
0.40
0.43
0.41
0.38
0.38
0.36
0.39
0.43
0.43
0.49
0.46
0.45
0.44
0.45
0.46
0.48
0.45
0.47
0.42
0.45
0.45
0.48
56.551
61.613
57.546
50.983
53.27
51.993
55.998
60.893
57.025
70.979
63.046
62.087
56.236
59.825
59.502
62.189
57.19
64.615
58.061
60.088
60.283
63.672
0.40
0.43
0.41
0.38
0.38
0.36
0.39
0.43
0.43
0.49
0.47
0.45
0.44
0.45
0.46
0.48
0.45
0.47
0.42
0.45
0.46
0.48
79
56.881
61.891
57.695
51.092
53.749
52.135
55.994
60.89
57.088
71.336
63.948
62.324
56.693
60.405
59.867
62.584
57.582
65.216
58.338
60.407
60.741
64.019
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